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i 
ABSTRACT 
This presented PhD project is a step change towards the fluid flow prediction within the 
polymer electrolyte fuel cells through micro/nano characterisation of porous layers of the 
fuel cell.  X-ray micro/nano tomography has been developed to reveal a three dimensional 
digital image of gas diffusion layers at micro/nano scale and focused ion beam/scanning 
electron microscope nanotomography technique was developed to visualize the three 
dimensional porous structure of the microporous layer and catalyst layer.  Tomography 
images then were used to obtain morphological parameters of the layers and combined 
with well-known analytical models and numerical simulations to anticipate the 
permeability, diffusivity and tortuousity of the  layers. The project can be divided into two 
main sections. In the first section X-ray micro and nanotomography were used to 
characterise the uncompressed gas diffusion layers. It was found that a critical step in the 
tomography image characterisation is thresholding and a novel experimental approach to 
tune the threshold was proposed.  In addition, the structural features of compressed gas 
diffusion layers were captured by using polydimethylsiloxane to encapsulate the 
compressed porous structure and by subsequently employing X-ray microtomography to 
reconstruct a digital three dimensional model.  In the second section, focused ion 
beam/scanning electron microscope nanotomography was developed for the microporous 
layer and the catalyst layer.  To characterise the focused ion beam milling yield of the 
porous materials, a scanning electron microscopy stereo imaging technique was employed.  
The nanotomography and the stereo imaging techniques were successfully applied to other 
materials such as glass micropipettes, various metals, silicon, urine catheters and 
diatomaceous frustules.  The single phase single component Lattice Boltzmann numerical 
ii 
modelling was combined with different tomography images to predict the permeability, 
diffusivity and tortuousity of the porous layers and the results were compared to the 
experiments.  Finite element analysis was used to reveal the through plane stream line 
tortuousity of the catalyst layer.  
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1 CHAPTER 1: INTRODUCTION 
1.1 INTRODUCTION 
This PhD project was to set out to develop X-ray micro/nano computed tomography (X-ray 
µCT and nCT), focused ion beam/scanning electron microscopy (FIB/SEM) 
nanotomography and critical micro/nanostructural and fluid transportation characterisation 
of polymer electrolyte fuel cell (PEFC) porous layers towards the prediction of fluid flow 
within the fuel cell.  The project was driven by the need to improve the fuel cell efficiency 
and fluid flow prediction within a cell as a part of the UK Technology Strategy Board 
project (TSB Project No. TP/6/S/K3032H).  Academic and industrial partners including the 
University of Birmingham, Loughborough University, the University of Liverpool, 
Intelligent Energy Ltd. (UK), Johnson Matthey Fuel Cells Ltd. (UK), Technical Fibre 
Products Ltd. (UK) AVL List GmbH (Austria) and Saati Group Inc. (Italy) were involved 
in this project from August 2007 to May 2011.  The role of the industrial partners was to 
provide improved woven and non-woven gas diffusion layer (GDL), microporous layer 
(MPL) and catalyst layer (CL) porous materials and to carry out various standard fuel cell 
electrical tests.  While researchers at the universities were involved in modelling, fluid 
flow numerical simulations and characterisation of the developed fuel cells layers.  In 
particular, 3D modelling and micro/nano characterisation of the porous layers were the 
main tasks undertaken at the University of Birmingham. 
Existing models explaining the behaviour of GDL, MPL and CL layers in terms of fluid 
transportation and fuel cell performance at micro/nano scale are all commonly dependant 
on the use of key parameters such as porosity, mean pore radius, permeability, tortuousity 
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and effective diffusivity.  These are all determined by the micro/nanostructural 
characteristics of the material.  Such parameters cannot be rigorously determined without 
the real three dimensional (3D) structure.  Furthermore, the sub-micron features of the 
MPL and CL require visualisation with sub-25 nm and sub-10 nm resolutions respectively.  
In addition, the soft nature of the layers poses many technical challenges. In order to reveal 
the internal structure of these layers 3D high resolution techniques are required. 
The proposed approach used X-ray µCT and nCT to characterise the uncompressed and 
compressed GDL layers. In order to visualise the nanostructural features of the porous 
network of MPL and CL, FIB/SEM nanotomography was developed in this work. Both 
visualisation techniques have been combined with numerical simulations. Techniques have 
been successfully conducted for other applications including, glass micropipette, FIB 
milling yield of various materials, characterisation of urine catheters and diatomaceous 
frustules surface analysis. 
1.2 AIMS AND OBJECTIVES 
The aim of this PhD project is to improve PEFC efficiency through fluid flow prediction 
and characterisation of the fuel cell novel porous layers.  The significance of this research 
is not limited to the layers 3D digital images, but also to calculate key morphological 
parameters and combine the digital models with analytical models, numerical lattice 
Boltzmann (LB) modelling and finite element analysis (FEA) to predict the fluid 
transportation phenomenon within the fuel cell.  Woven and non-woven GDL materials 
with average fibre size of less than 10 µm are characterised through the X-ray µCT and 
nCT with pixel sizes of better than 2 µm and 970 nm respectively.  MPL and CL with 
average agglomerate size of a few hundred nm are characterised using FIB/SEM 
nanotomography with a pixel size of higher than a few tens of nm.  
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The major challenges in the layers characterisation originate from the materials and image 
analysis and they fall into four main categories.  First, binarisation of the grey scale images 
of the X-ray µCT and nCT images of the GDL are strongly influenced by the threshold 
value and subsequently obtained parameters are affected.  Second, recognize a material 
which could be able to encapsulate the compressed GDL samples and fill the small pores 
during imaging with a distinct difference in density compared to the GDL.  Third, very fine 
pores of the MPL and CL pose a technical challenge in taking ultra high resolution SEM 
images. Finally, the soft nature of the MPL and CL layers is compounded by difficulties 
associated with ultra thin layered slices when FIB milling is performed.    
In order to achieve the research aims aforementioned, the project objectives are set out as 
follows: 
 Develop X-ray µCT and nCT for the uncompressed GDL layers to obtain micro and 
nanostructural features. 
 Find the influence of threshold variation on characterisation of the GDL layers and 
develop an experimental method to finely tune the threshold for X-ray µCT and nCT 
binarised images. 
 Carry out experiments to compress GDL samples via polydimethylsiloxane (PDMS) 
and image the compressed GDL layers with X-ray µCT within various pressure conditions. 
 Determine FIB milling yield of MPL and CL via the SEM stereo imaging technique. 
 Develop the FIB/SEM nanotomography technique to reconstruct the 3D digital model 
of various MPL and CL and extend the technique to glass micropipette tip reconstruction.  
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 Prediction of permeability, toruousity and effective diffusivity of the layers via 
analytical approaches, Finite Element Analysis (FEA) and Lattice Boltzmann (LB) 
numerical simulation based on the models obtained from X-ray µCT, nCT and FIB/SEM 
nanotomography. 
1.3 THESIS OUTLINE  
This thesis consists of seven Chapters. Chapter 1 introduces the project research topic 
covered by this thesis.  It includes the project aims, objectives and thesis outline. 
Chapter 2 reviews the current models of the porous layers of the PEFC. It starts with the 
introduction of the main components of the PEFC, GDL, MPL and CL followed by the 
review of models, both analytical modelling and numerical simulations. Afterwards, a 
literature review of the current techniques for micro and nano characterisation of the PEFC 
porous layers is presented.  
Chapter 3 introduces X-ray µCT/nCT images binarisation for characterisation of GDL.  
The imaging technique, back projection and resolution limits along with the structural 
parameters calculation including porosity, pore size distribution, characteristic lengths and 
structural tortuousity for fuel cell layers are explained.  Also, the single-phase single- 
component lattice Boltzmann numerical modelling program developed by the University of 
Liverpool and Loughborough University is explained.  Binarisation of X-ray µCT and nCT 
images, influence of threshold variation on determining the properties of GDL including 
porosity, average pore size, average fibre size, degree of anisotropy and permeability is 
investigated. A novel method to tune the threshold is discussed. 
Chapter 4 then explains comprehensive characterisation of six woven and non-woven 
uncompressed GDL based on µCT and nCT images with 680 nm - 1.95 µm pixel sizes.  
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Then five woven samples are compressed under a range of compressions from 0.0 MPa to 
100 MPa and encapsulated using PDMS material.  X-ray µCT images are used to 
investigate the effect of compression on the porous GDL.   
Chapter 5 presents a SEM stereo imaging method to quickly characterise the FIB milling 
yields of MPL and CL.  The method is successfully extended to other applications such as 
FIB milling yield of metals, silicon, MPL & CL and surface characterisation of urinary 
catheters, diatomaceous frustules and micropipette tip.  
Chapter 6 describes the application of FIB/SEM nanotomography on MPL, CL and other 
materials.  It starts with a review of FIB/SEM nanotomography techniques applied to 
nanostructured materials followed by experimental details of imaging of both MPL and 
CL.  Key structural features such as local porosity, pore size distribution, Knudsen 
diffusion coefficient and tortuousity are discussed.  LB method was then subsequently 
applied to obtain permeability and tortuousity of the MPL and CL samples. FEA is 
developed to predict the 2D stream line tortuousity of the CL.  Another application of the 
FIB/SEM nanotomography on the measurement of the roundness of micropipette tips is 
explained in detail.  
Finally, in Chapter 7, the major findings from the study are summarised and possible future 
research trends are suggested.  
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2 CHAPTER 2: REVIEW OF PEFC MODELS AND 
TECHNOLOGY 
2.1 INTRODUCTION 
This Chapter presents a review of recent PEFC components, models, governing equations, 
parameters and the current characterisation techniques.  PEFC porous layers are explained 
in Section 2.2.  Existing fluid transport models including analytical and numerical models 
are discussed in Section 2.3.  Common micro/nano characterisation PEFC porous layer 
techniques including air permeability test, mercury porosimetry, density measurement, 
Brunauer-Emmett-Teller surface analysis, 2D surface imaging through SEM/TEM and 
micro/nano tomography are reviewed in Section 2.4.  Advantages and drawbacks of each 
method are reported.  Finally, the literature review is summarised in Section 2.5.     
2.2 PEFC AND ITS COMPONENTS 
Owing to its zero-emission, high energy efficiency and low noise, PEFC is considered as a 
very promising alternative energy conversion device for a range of applications, most 
notably automotive and small stationary applications. A hydrogen PEFC directly converts 
the chemical energy of hydrogen into DC electrical energy.  Hydrogen is forced to go 
through porous layers, to be in contact with the catalyst and become ionized at the anode, 
resulting in a production of electrons and protons.  At the cathode side, water is produced 
through the reaction of oxygen with the protons and electrons [1],[2]. The chemical 
reactions in a PEFC can be described as follows: 
at the anode:  
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eHH 222  
(2.1) 
at the cathode: 
OHeHO 22222
1  (2.2) 
The anode and cathode of a modern single repeatable PEFC, as shown in Figure 2.1, are 
separated through a polymer proton-conductive membrane.  
 
Figure 2.1. PEFC components and processes. Air is assumed to be composed of 
Nitrogen N2 and Oxygen O2. 
Each side of the membrane is composed of CL, MPL, GDL and bipolar plate (BPP).  The 
CL and membrane are often supplied as a single unit, namely a catalyst coated membrane 
or CCM.  A CCM together with the anode GDL and cathode GDL is commonly termed 
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membrane electrode assembly (MEA) [1],[3],[4].  In other words, BPP and MEA are the 
two components that form a single cell of PEFC.  
2.2.1 Bipolar plate 
BPP provide reactant supply channels, facilitate water and thermal management and 
conduct current between cells as well as constitute the structural rigidity of the PEFC 
[5],[6]. The bipolar plates, either metallic or graphitic based plates, generally should meet 
the following requirements [7]: 
 In plane conductivity of higher than 100 S cm-1  
 Area specific resistance of less than 30 mΩ cm2  
 Chemical stability for slightly acidic water with pH less than 4 
 Corrosion resistance of less than 16 µA cm-2 
 No or very low surface degradation  
 Thermal conductivity of higher than 10 W(mK)-1 
 Thermal stability at fuel cell operation temperature from -40 oC to 120 oC 
 Tensile strength of higher than 41 MPa 
 Zero gas permeability 
The properties clearly show that the plate must be a non-porous rigid material with many 
channels and be impermeable to water, hydrogen and oxygen.  New research is being 
conducted to develop multilayer BPP to reduce manufacturing costs yet to improve the 
reliability of the plates for the PEFCs [8]. 
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The raised channelled area of the BPP, as shown in Figure 2.1, contacts the micro diffusion 
part of the membrane electrode assembly, the GDL.  
2.2.2 Gas Diffusion Layer 
The GDL essentially has three key roles in a PEFC; (i) to provide pathways for reactant 
gases from the gas channels of the BPP to be transported heterogeneously to the catalyst 
layers; (ii) to enable product water to be transported from the catalyst layer to the flow 
field channels and; (iii) to provide pathways to electronically connect the catalyst layer to 
the BPP. Therefore, the GDL is designed and manufactured to have the following 
functions: 
 It is porous both in-plane and through-plane. 
 It is electrically and thermally conductive both in-plane and through plane.  
 It is hydrophobic to ease water transport. 
The electrical and thermal conductivities are granted through material selection.  As a 
result, they are mainly carbon based materials.  GDL are available in the form of carbon 
cloth, carbon paper or carbon felt.   
Carbon cloth is a textile consisting of woven bundles of 200-300 carbon fibrils per yarn; 
whereas carbon paper and felt consist of randomly dispersed carbon fibrils.  In any case, 
the individual carbon fibrils are around 5-20 μm in diameter, while bundle diameter can be 
in the region of 400-500 μm as shown in Figure 2.2 and Figure 2.3 [1],[9],[10],[11].  The 
largest pore diameters in carbon paper and carbon cloth are around 40 μm and 250 μm 
respectively.  The porosity of such materials depends upon the fibril content, the bundle 
dimensions and woven structure.  However, the electrical and thermal conductivity can 
change in inverse proportion to the material porosity.   
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For hydrophobicity, GDL substrates are coated with hydrophobic materials like poly tetra 
flour ethylene (PTFE) or fluorinated ethylene propylene (FEP). Those materials can 
influence both the porous network connectivity and the electrical conductivity of the GDL 
depending on the coating and material loading process.  
 
Figure 2.2. An SEM image of a woven carbon cloth gas diffusion layer with PTFE 
coating. 
 
Figure 2.3. An SEM image of a nonwoven carbon paper gas diffusion layer with 
PTFE coating. 
The side of the GDL adjoining the catalyst layer is commonly coated by microporous layer 
to enable better electrical conductivity and better water transport. 
300 µm 
200 µm 
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2.2.3 Microporous layer 
The MPL is carbon or graphite mixed with PTFE binder.  It is a porous medium with a 
high degree of hydrophobicity and plays a key role in transporting product water and 
reactant gases to and from the CL, as well as providing pathways for electron conduction.  
It is similar in nature to the GDL and serves a similar role but is much more hydrophobic 
and has lower porosity than the GDL.  Typically the resulting pores are between 100 nm to 
500 nm as shown in Figure 2.4 and Figure 2.5. In terms of water management, the function 
of the MPL is to push water away from the cathode GDL and move it through the anode.  
Better ohmic behaviour and catalyst utilization are the other possible features of the MPL 
[1],[3],[12],[13].  
 
Figure 2.4. SEM image of the surface of a developmental MPL with pore sizes up to 
500 nm. 
 1 µm 
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Figure 2.5. SEM image of an MPL cross section. 
The catalyst layer, probably, the most important part of the fuel cell is adjacent to the 
MPL. 
2.2.4 Catalyst Layer 
The CL is the layer where electrochemical reactions take place on the surface of the 
catalyst. The most common catalyst in the PEFC is platinum. Since large catalyst surface 
area helps the reaction, it is desirable that dispersed Pt nanoparticles are evenly deposited 
on the surface of the layer [1],[3].   
In reality, CL is a heterogeneous structure with a range of nano scale features.  The CL can 
contain a multi-modal distinctive pore distribution centred around 50-100 nm.  Carbon 
grains which are typically of 10 nm order that can agglomerate to 100 nm clusters, and 
catalytic deposits on the carbon grains that are typically of 1 nm order in magnitude.  They 
are illustrated in Figure 2.6 and Figure 2.7 [2],[14],[15]. Other support materials such as 
1 µm 
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Vulcan XC72R by Cabot, carbon Black Pearls BP 2000, Ketjen Black Intl. and Chevron 
Shawinigan, have been used widely [3]. 
 
 
Figure 2.6. An SEM image of a cathode catalyst layer surface. 
1 µm 
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Figure 2.7 SEM image of a catalyst layer cross section. The bright spots as shown in 
the image are Pt particles with 2-5 nm diameter. 
Research reports suggest Pt/C ratio should be above 40% by weight to minimize the cell 
potential losses [3].  Paganin et al [16], found that when the Pt/C ratio is varied from 10% 
100 nm 
Pt particles 
    Membrane 
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up to 40% with 0.4 mg/cm
2
 Pt loading, the cell's performance remains unchanged.  
However, with Pt/C ratio higher than 40% the performance is declined.  This shows that 
there is a negligible change in the catalyst active area when the Pt/C is between 10% to 
40% and a significant deterioration in the active area beyond 40%.  Therefore, the key to 
improve the PEFC performance is increasing the Pt usage in the CL [17]. Several studies 
show that the active area may be greatly increased if around 28% amount of ionomer of 
membrane is included in the catalyst layer [18],[19],[20].  Therefore, typically, the CL is 
deposited on the membrane. 
2.2.5 Membrane 
A PEFC membrane must exhibit an adequate barrier to mixing of gases and fuel and must 
have high proton conductivity. As shown in Figure 2.8 and Figure 2.9, membranes are 
porous, especially at the contact with the catalyst layer, but impermeable to gas.  
Typically, the membranes for PEM fuel cells are made of perfluorocarbon-sulfonic acid 
ionomer.  The most advanced membrane material is Nafion
TM
 from Dupont, which is 
composed of perfluoro-ulfonylfluoride ethyl-propyl-vinyl ether and has a proton 
conductivity of about 0.1 S/cm at room temperature [21],[22]. 
 
Figure 2.8. A cross section of a membrane coated with catalyst layer scanned with 
X-ray.  
100 µm 
Catalyst 
Layer 
Membrane 
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Figure 2.9. SEM cross section image of a membrane coated with catalyst layer. 
 
The most important function of the membrane is proton conduction which relies on the 
excessive protons originated from the sulfonic groups and it takes place in the water 
domains of the membrane.  Different transport mechanisms of water including diffusion, 
electro-osmotic drag and permeation need to be properly balanced to keep the fuel cell 
performance high.  As the key function of the membrane is proton conduction, research is 
mainly concentrated on the material development, composition and solid structure of the 
membrane [22],[23],[24]. 
As previously mentioned, any of the primary components play an important role in fuel 
cells and participate in at least one of the three phenomenological processes at a 
fundamental level; (i) multi-component, multi-phase fluid transport; (ii) electrochemical 
reaction and; (iii) heat transfer.  However, this research is mainly concentrated on the fluid 
transport phenomenon of the permeable porous layers of the PEFC including GDL, MPL 
1 µm 
Membrane 
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and CL. Therefore, gas and water transport models are discussed in the next section. A 
comprehensive review of other models including fuel cell modelling, thermodynamics, ion 
and proton transportation, and membrane models can be found elsewhere [25],[26],[27].  
2.3 PEFC LAYERS FLUID TRANSPORT MODELS AND SIMULATIONS 
Macroscopic and pore-scale modelling are the two general classifications of fluid transport 
models through PEFC layers.  Macroscopic models are strongly based on homogenization 
along with microscopic details incorporated in them.  In contrast to macroscopic models, 
pore-scale models pay specific attention to the geometric details of each layer. Below, both 
models are discussed to understand key structural and transportation parameters of the 
layers.  
2.3.1 Diffusion media governing equations and macroscopic models 
In macroscopic models, GDL and MPL are normally referred to as diffusion media since 
they are the porous backings between CL and the gas channels to provide a pathway for 
gases and liquid water to or from the catalyst layer.  CL hosts electrochemical reaction as 
well as diffusion media for fluid transport through the thin catalyst layer.  
Below, approaches for both types of transport, gas transport and water transport, are 
examined. 
2.3.1.1 Gas phase transport 
Stefan-Maxwell equations are used for every model dealt with gas phase transport in PEFC 
layers analysis: 
1
,
j
eff
DTc
iNjmjNim
im
ji
 
(2.3) 
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where Ni,j, cT, mi, Dij are flux density of species i and j (mol/cm
2
s), the total concentration 
or molar density of all of the gas species, mole fraction of species i, and effective binary 
interaction parameter between species i and j respectively.  The effective diffusion is 
defined as:  
jiD
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(2.4) 
where εG and τG are the bulk porosity and the tortuousity of the gas flow if the water is 
ignored otherwise another treatment is required as discussed in the next section.  Typically, 
Bruggeman is used to model the tortuousity [28],[29],[30],[31]: 
G
G
1  (2.5) 
However, the expression above is based on the porosity of packed spherical particles and 
cannot predict tortuousity closely especially at low porosities.  By contrast, Tomadakis et 
al, and Gostick et al [32],[33], proposed the following tortuousity model based on the 
Monte Carlo simulations for randomly oriented fibrous porous media: 
p
pG
GG 1
 
(2.6) 
where εp and α are the suggested percolation threshold porosity (εp = 0.11) and fitted value 
(α = 0.521 or α  = 0.785) obtained from the model.  The percolation threshold porosity is 
the minimum porosity with an open pore space connectivity required for permeation 
through the porous material.  Nam et al, clearly discussed the tortuousity appropriate 
function with different levels of porosities and models [34].  Other models including 
analytical fractal model and 3D stochastic reconstruction of the GDL paper predict average 
value of tortuousity for carbon paper GDL ranging from 1.14 to 2.2 [35],[36].  
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The gas diffusion model discussed above is in reference to Fick's diffusion [30] where the 
mean free path of a molecule is two orders of magnitude less than the pore radius.  
However, when the pore sizes are reduced, e.g. in MPL, another kind of diffusion 
dominates. 
When the pore sizes are smaller, molecules collide more with the pore walls than with each 
other.  The pore wall interaction is known as Knudsun diffusion [30].  In the models, 
Stefan-Maxwell diffusion and Knudsen diffusion are combined as mass transport in series 
[37]: 
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(2.7) 
where Deff,k  is the effective diffusion coefficient.  
When the mean-free path of a molecule is greater than 10 times the pore radius, Knudsen 
diffusion dictates.  In other words, Knudsen diffusion dominates when the pore radius is 
less than ~500 nm. For reference, a microporous layer has pores between 20 nm and 1 µm 
[13],[38].  Consequently, while Knudsen diffusion may have to be neglected for GDL, it 
should be considered for MPL and CL. 
Although most models are based on the pure diffusion, many models take the convection 
into account.  One usual method, as with many CFD models, is to include Darcy's law for 
the gas phase as a separate momentum equation: 
GP
G
Gk
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 (2.8) 
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where vG, kG, µG, PG, are superficial velocity of gas, gas phase permeability, viscosity and 
pressure [25],[39],[40]. Parameters including gas phase permeability strongly depend on 
the microscopic geometry of the layers.  
Both diffusion and convection are discussed for the gas phase transport and the important 
structural parameters are recognized. Water transport is critical in PEFC and studied in the 
next section.   
2.3.1.2 Liquid water transport 
A simple way to treat water in the fuel cell is to assume it is a solid species that occupies a 
certain volume fraction.  This means that the gas phase volume is limited and hence the 
effective diffusion coefficient equation (2.4) is decreased [41],[42].   
The next series of models assume that water exists in the form of droplets along the gas 
stream.  It is a component of gas and has a negligible effect on the gas field velocity. 
However, there is a volume fraction decrease due to the water [43]. 
The two group models above are inherently one phase.  Two phase models are required 
since the liquid water and gas interact to a certain extent in GDL and MPL. 
2.3.1.3 Two phase flow models 
Similar to the gas pressure driven flow, Darcy's law for the flow of liquid water is as 
follows: 
LP
LV
hpk
LN
 
(2.9) 
where NL, khp, VL, µ and PL, are superficial flux density of species liquid water, effective 
hydraulic permeability, molar volume of water, viscosity and liquid phase pressure 
respectively.  A lot of models use the above expression and essentially such model suggest 
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that there are liquid pores and isolated gas in the layer.  This assumption is close to reality 
since the medium contains pores, hydrophobic and hydrophilic material [39],[44],[45],[46]. 
 
Phase mixture approach is another way to model two phase flow.  In this model the two 
phases are considered as a single phase mixture.  Therefore mixture parameters are used.  
As equation (2.7) suggests the mixture moves with a single velocity and does not have a 
separate driving force. 
Although such simplifications help the computation time and numerical analysis, the real 
case requires the capillary equations for a close understanding of two phase flow. 
The interaction between gas and liquid is influenced by capillary pressure PC, surface 
tension γ, capillary pore radius rC and contact angle θ that a water drop forms with the solid 
surface [25],[49].  The capillary pressure model is given by: 
Cr
GPLPCP
cos2
 (2.10) 
The amount of pore volume that is filled with air as a function of water saturation s, is 
expressed by: 
)1( sBG  (2.11) 
where εB is the bulk porosity.  This means that the saturation affects the gas phase diffusion 
greatly as predicted by Tomodakis and Sotirchos [50]: 
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To relate capillary pressure to saturation, a new model has been developed by Weber & 
Newman [51] using a random cut-and-region bundle-of-capillaries to integrate the 
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hydrophilic/hydrophobic pore size distributions (PSD) of the diffusion layers to get the 
saturation through the idealized porous layer.  However, for any of the models, the 
capillary pressure must be determined at every position.  The gas and liquid pressure 
profiles must be known.   
Although some models include gas phase pressure-driven flow in the diffusion media, the 
effect is not significant. Almost all of the models show that the pressure difference through 
the sandwiched layer is minimal, and the uniform gas pressure assumption is probably 
accurate for most conditions [25].  
A typical way uses Darcy's law, equation (2.9), and combines it with equation (2.10) with 
the assumption of uniform gas pressure.  
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(2.13) 
satkrkhpk  (2.14) 
where kr, ksat are relative permeability and saturated permeability respectively. ksat only 
depends on the structure of the medium and has been either calculated using Carman-
Kozeney equation [39] or assumed to be a fitting parameter. kr is assumed to be linear or 
cubic function of saturation [25],[52],[53]. 
The importance of equations (2.13) and (2.14) is that both capillary pressure and hydraulic 
permeability are strongly dependent upon the structure detail geometry, i.e. equation (2.10) 
shows that capillary pressure is directly related to the pore size and PSD.  The hydraulic 
permeability is again related to the porous medium geometry details. 
The models above are macrohomogeneous models and are applicable to GDL, MPL and 
CL. The macroscopic models use a variety of averaged parameters including tortuousity, 
permeability, effective diffusivity, porosity and pore size distribution which are inherently 
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based on the detailed geometrical information of the layers at microscopic level.  
Microscopic or pore-level modelling, again applicable to all layers, is examined in the next 
section. 
2.3.2 Pore-scale models and simulations 
Pore-scale transport through porous media can be classified into three main categories:  (i) 
pore network modelling; (ii) pore morphology modelling and (iii) Lattice Boltzmann 
modelling [54].  Other models including, molecular dynamics and CFD models are either 
computationally very expensive or still remains a challenge to simulate fluid flow in the 
complex PEFC porous layer. Information about the models could be found elsewhere 
[55],[56].   
2.3.2.1 Pore network modelling 
In the pore network based models, adequate physics of transportation are incorporated into 
the idealized pore network of the porous layers.  Simulations based on all kinds of models 
are generally faster due to the simplified physical description and small systems of 
equations.  One of the most famous models is the pore network modelling approach in 
which a fibrous medium is assumed to be a lattice of wide pores connected by narrow 
throats [57],[58],[59],[60],[61].  The morphology of a porous medium is characterised by 
pore and throat size distribution and their connectivity.  Pores are typically nodes on a 
cubic lattice (or spherical) with cubic pore (or cylindrical) bodies connected by square 
cross-section (or circular) throats.  The pore network can be constructed through 
mathematical Weibull cumulative distribution in which the distribution parameters can be 
adjusted to achieve a particular PSD and the throat sizes can be assumed to be equal to the 
smallest pore size nearby [62].  In the case of GDL, incompressible laminar flow in a 
throat is assumed.  Only one fluid resides in a throat and the resistance of pore/flow is 
Chapter 2  Review of PEFC models and technology 
24 
assumed to be negligible [62].  A number of pore network models are currently applied to 
the PEFC layers. 
Sinha et al, employed the pore network model to simulate liquid transport in a hydrophobic 
carbon paper GDL.  The study shows the formation of irregular patterns of liquid 
movement in GDL/gas channels [63].  The extended model was used to model fluid 
transport in a mixed wettability GDL and found the saturation profile along the diffusion 
layer local thickness as a function of hydrophilic pores fraction [64]. 
Gostick at al. employed a two phase pore network model GDL to study capillary pressure-
saturation relations for different GDL carbon papers [62],[65].  
Bazylak et al, investigated the influence of the network size, structure on capillary pressure 
and relative permeability. The study suggests that the capillary pressure is highly affected 
by the structure heterogeneity while the relative permeability changes significantly with 
water saturation [66]. Similarly, Lee et al, recently suggested that saturation is lowered if 
the thickness of the GDL is reduced [67].   
The pore network models are then strongly related to the basic parameters including PSD, 
local thickness and heterogeneity of the structure.  
Another similar approach is pore morphology modelling that links the macroscopic details 
of the layer to an accurate representation of the porous layers via the input of 
morphological information.  
2.3.2.2 Pore morphology modelling 
The pore morphology approach uses the grain size distribution, pore radius, PSD and 
porosity of the porous medium to model the drainage process.  It relies on a non-
overlapping packing of a set of spheres and a digital representation of this.  The key steps 
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are: (i) the entire pore network is saturated with liquid and the capillary pressure is set to 
zero.  One end is connected to the non-wetting phase and the other end is connected to the 
liquid phase; (ii) the capillary pressure is increased in such a way that the pore network is 
eroded.  The erosion has a spherical shape with radius rC according to the capillary 
pressure equation (2.10); (iii) at a particular capillary pressure those pores that have not a 
continuous connection to the non wetting phase are removed.  The rest are filled with non 
wetting phase.  The step is repeated until equilibrium is reached and the corresponding 
occupied volume fraction of pore space by liquid is then worked out [68].  There are 
various research groups working on PEFC layers modelling using the pore morphology 
approach. 
Schulz et al [69], modelled the quasi-static drainage in 3D stochastic reconstructed carbon 
paper GDL and show the liquid water distribution at various capillary pressures as a result 
of pore morphology modelling.  The research indicates that liquid water penetrates into the 
gas saturated space in a random form based on the capillary force and PSD. 
Mukherjee et al, studied the influence of compression on the capillary pressure-saturation 
characteristics and showed that increased compression resulted in a more tortuous pore 
structure which in turn leads to capillary pressure increase [54]. 
Recently, Becker and co-workers [70], employed X-ray µCT to reveal the non-woven 
GDL microstructure and combine it with the pore morphology approach to investigate the 
capillary pressure-saturation relation and emergence of water at the bubble point. 
The above methods try to incorporate diluted physics on top of an idealized pore network. 
Such models are strongly related to the morphological parameters such as PSD, porosity, 
capillary and pore radiuses.  
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Unlike the aforementioned methods, there is another approach solving the Navier-Stokes 
governing equations either by CFD [55], molecular dynamics [56] or Lattice Boltzmann 
modelling.  As mentioned in section 2.3.2, CFD and molecular dynamics are beyond the 
scope of this review.  Therefore, in the next section LB modelling is examined. 
2.3.2.3 Lattice Boltzmann modelling 
The LB method is a numerical model based on kinetic theory to simulate fluid dynamics 
[71],[72].  The concept of the LB method was introduced by McNamara and Zanetti to 
develop its predecessor, the lattice gas algorithm [73],[74].  Unlike conventional 
computational fluid dynamics, the LB method tracks the streaming and collision of a 
collection of pseudo-particles in a lattice, which interact according to a velocity 
distribution function.  The LB model used in this work will be described in detail in 
Chapter 3. 
With the LB method, it is relatively facile to deal with complicated boundaries and various 
forces at microscopic scales and therefore it becomes more efficient to simulate flows in 
complex porous media at pore-scale.  The LB incorporates phase segregation and surface 
tension in multiple flows analysis which are difficult to implement in traditional CFD 
methods.  A number of research projects employed the LB method to simulate either single 
phase flow or multiple phase flow for the fuel cell layers. 
Hao and Cheng [76], recently used the LB method to study the anisotropic permeability of 
a GDL.  The carbon papers were reconstructed through stochastic method.  The simulated 
permeability was compared to the measurements and an existing analytical model such as 
Kozeny-Carman equation.  
Chapter 2  Review of PEFC models and technology 
27 
Similarly, in the work reported by Van Doorrnaal and Pharoah [77], LB was used to 
simulate idealized PEFC porous layers.  The results show that fibre arrangement plays a 
significant role in the permeability of the layers. 
In the work presented by Kim & Pitsch [78], a stochastic method for the reconstruction of 
the CL was combined with the LB method to evaluate the effective diffusivity of the CL.  
The LB model was employed to consider the Knudsen number effects in the catalyst layer.  
Mukherjee et al [79],[80], deployed the LB method to study two phase transport and 
flooding behaviour in the PEFC GDL and CL as well as the effect of liquid on the catalytic 
site coverage and pore blockage.  The CL and GDL microstructure were obtained through 
stochastic reconstruction. 
Finally, Ostadi et al & Rama et al [13],[81],[82],[83],[84],[85],[86], developed the LB 
modelling, both single phase and two phase, coupled with the micro/nano tomography 
images of GDL & MPL to anticipate the liquid water breakthrough, air permeability, 
anisotropic permeability, tortuousity and effective diffusivity of PEFC porous layers. 
From the above review, it is obvious that detailed description of porous layers is an 
essential requirement for both pore-scale modelling and macroscopic modelling.   
Stochastic reconstruction, homogenized and idealized geometries are the common 
approaches for quick simulations and widely used for GDL and CL [54],[69],[87] that rely 
on the materials porosity characteristics.  Therefore, after understanding the PEFC layers 
modelling requirements, the next section is designed for experimental characterisation 
methods to obtain fundamental parameters such as porosity, pore size distribution, 
permeability and specific surface area per unit volume. 
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2.4 CHARACTERISATION TECHNIQUES 
As discussed in previous section, Both macroscopic and pore scale models are strongly 
related to a number of parameters.  Among those parameters, porosity, pore size 
distribution, pore radius, permeability, tortuousity, effective diffusivity, surface 
characteristics and surface area per unit volume play key roles in the fluid transportation 
within the PEFC layers.  Hereinafter, established methods including a direct method for 
porosity measurement, standard and mercury porosimetry, air permeability test, surface 
analysis through the Brunauer-Emmett-Teller method, surface imaging including SEM & 
TEM and finally the recent micro/nano tomography techniques and their application to the 
PEFC layers are discussed.   
2.4.1 Porosity characterisation through direct method 
This is probably the simplest way to measure the porosity.  The pore volume of a material 
can be calculated using total volume of the porous sample (e.g. thickness times surface 
area) and the volume of the solid portion of the material based on the sample basis weight 
and the components density (e.g. GDL is made of carbon fibrils  and PTFE with a known 
density given by the manufacturer).  The pore volume simply is then worked out by the 
subtraction of volume of the skeletal material from the total volume.  The method is widely 
used in porous biomaterials applications [88],[89] as well as in GDL [1].  Uncertainty of 
this method significantly depends on the density which is usually given by the 
manufacturer, the materials purity and the accuracy of the thickness and surface 
measurement.  The uncertainty has been reported to be around ±2%. 
In the case of PEFC layers, Ostadi et al [90], employed the direct method to obtain a 
reference value to tune the threshold for binarization of GDL X-ray µCT images.  The 
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uncertainty of the method in this work was reported to be ±1%.  However, the above 
method is not applicable to CL and MPL due to the thinness of the layers. 
It is critical to know the porosity of the MPL and CL as well as pore size distribution in all 
layers. Therefore in the next section, PSD characterisation techniques are discussed. 
2.4.2 Pore size distribution characterisation techniques 
For PSD of PEFC layers, there are mainly three techniques; (i) Capillary flow porometry, 
(ii) Standard contact porosimetry; and (iii) Mercury porosimetry. Each method is briefly 
described and the application on PEFC layers is presented.  
2.4.2.1 Capillary flow porometry    
The principle of the method is based on a wetting liquid allowed to fill the pores in the 
sample spontaneously while a non-reacting gas is allowed to remove liquid from the pores. 
The differential gas pressure Pdiff yielded pore diameter Dp after Laplace equation (2.15): 
diffP
pD
cos4
 (2.15) 
where γ and θ are surface tension and contact angle of the wetting liquid respectively.  
From measured gas pressure and flow rate pore throat diameter, pore size distribution and 
gas permeability are calculated.  The method was used for GDL, and materials with pores 
larger than 300 nm in diameter [91],[92].  
2.4.2.2 Standard contact porosimetry 
The method is based on the law of capillary equilibrium throughout the entire volume of a 
system of two or more bodies contacting with each other.  According to the Laplace 
equation (2.15) capillary pressure exists for all these bodies. The method involves 
weighing the amount of measuring liquid in the pores of the sample under investigation 
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relative to its amount of the standard porous sample in contact with it. Octane is usually 
used as the measuring liquid since it ideally wets nearly all materials.  
The method is used for all PEFC porous layers for investigation of both structural and 
wetting properties, and it offers the possibility of investigating pores sizes over a wide 
range of Dp from 1 nm to 600 µm [93],[94],[95] with 1% uncertainty. 
The method required a long time for performing the experiment and it relied on the 
measurement of the structure of the standard sample, which is normally done by the 
mercury porosimetry.  In the next section the mercury porosimetry is studied. 
2.4.2.3 Mercury porosimetry 
Probably the best known method for porous structure investigation is the mercury 
porosimetry that can be used in a wide range of pore sizes from 1 nm to 1mm [96].  The 
method is based on intrusion of mercury into the open pores of the sample under high 
pressure.  With external pressure, pores with a radius larger than the capillary radius rC are 
filled with mercury.  As mentioned in equation (2.10), the capillary pressure, equal to the 
external pressure, is expressed by:  
C
rC
P
cos2
 
(2.16) 
where γ is 4.67 µJ cm-2 for mercury.  As pressure increases, the cumulative pore volume is 
increased.  From the cumulative pore volume and the pressure, pore diameter for a known 
contact angle is calculated.  The theory supposed that pores are cylindrical in shape, 
interconnected and open to the surface of the porous material.  The method is widely used 
for characterisation of porous PEFC layers especially for the CL.  
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Reported by Xie et al [97], mercury porosimetry is employed for three differently 
deposited CL to measure the porosity. The study reveals that higher porosities in the CL 
may result in lower fuel cell performance.  
Park et al [98], characterised different CL through mercury porosimetry. They found that 
PSD and porosity are modified by controlling the temperature during fabrication.   
Xie et al [14], used the mercury porosimetry along with SEM/TEM imaging techniques to 
reveal the PSD and porosity of carbon supports, with and without catalyst loading, and the 
CL of the MEA made by thin film decal process.   
Park et al [99], modified the conventional MPL decal fabrication method and characterised 
the new MPL in terms of porosity and pore size distribution.  The modified method uses a 
carbon breaking layer that makes a higher catalyst transfer ratio during the process.   
Recently, Park & Popov [100], used mercury porosimetry along with SEM micrographs 
and showed that hydrophobic agent changes the surface and bulk structure of the GDL. 
Presented by Park et al [101], the effect of carbon loading in MPL on PEFC performance 
was investigated.  The average pore diameter and total pore volume along with the PSD of 
the different MPL were revealed. The mercury porosimetry also shows that part of the  
MPL penetrates into carbon-fibre substrate during spray deposition of carbon ink. 
Porosity and pore size distribution characterisation methods are not limited to the three 
methods above.  Small angle X-ray scattering [102], and capillary condensation [103] are 
the methods only suitable for the range of pores radii which are between 1 nm to 50 nm.  
Permeability is another key parameter which relates to the porosity of the material. Herein 
the next section considers air permeability tests. 
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2.4.3 Gas permeability characterisation 
Gas permeability characterisation through pressure drop is straightforward and commonly 
used in a wide range of porous materials including soil, thin polymeric films and 
composites [104],[105],[106],[107].  According to Darcy's law, equation  (2.8), the gas 
permeability kG, can be estimated by measuring pressure drop and observing the flow: 
GPlG
aGk
GV  
(2.17) 
where VG, a, l are the volumetric flow rate, cross sectional area through which flow passes 
and the thickness of the sample respectively. It is used to characterise PEFC layers as well. 
Caston et al [108], used the method to investigate the effect of weave tightness and 
structure on the in-plane and through-plane permeability of a woven GDL. The research 
also shows that the percentage of macro pores in the weave is the key factor in determining 
the through-plane permeability.  
Finally, Pozio et al [109], and Chun et al [110], investigated the effects of different 
fabrication methods and composition of GDL-MPL on the gas permeability and 
morphology of the layers.   
Porosity, pore size distribution and permeability characterisation techniques were 
reviewed.  The morphology of the PEFC layers also requires pore surface analysis.  The 
next section tries to summarize the current methods in pore surface analysis and their 
application in PEFC layers. 
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2.4.4 Specific surface area analysis 
The external surface specific area is insignificant compared to the internal surface 
including the pores walls which are assumed to be cylindrical with an average diameter of 
Dp,avg. As an initial approximation and can be given by the following equation [111]: 
avgpD
PTV
sS
,
4
 (2.18) 
where Ss and VPT are the specific surface area and specific total pore volume.  Application 
of this formula requires prior knowledge of pore volume and pore diameters which can be 
determined through the porosimetry methods presented in the previous sections. 
Practically, the popular method used in catalysis is the Brunauer-Emmett-Teller (BET) 
method based on the adsorption of a gas at constant temperature.  The principle of 
measurement relies on determining the point when a single molecular layer of gas forms on 
the surface of the catalyst.  If the single layer volume is Vm, for a gas with molar volume of 
VM the specific surface will be written as: 
AN
MV
mV
moleculesS  
(2.19) 
where σmolecule and NA are the surface of an adsorbed molecule and Avogadro constant.  
Various researchers signify the importance of surface area in the GDL and used either the 
mercury porosimetry data or BET method for surface area calculation [112],[113],[114].  
The method is more common for CL characterisation [115],[116],[117]. 
Porosity, pore size distribution and pore surface area characterisation techniques rely on 
accessibility through open pores and do not provide information about tortuousity, shape, 
position or interconnectivity of the pores.  Imaging techniques such as SEM/TEM provide 
more details about the porous layers. 
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2.4.5 Two dimensional surface imaging analysis through SEM and TEM 
A scanning electron microscope scans a sample through a high energy beam of electrons in 
a rectangular pattern.  The electrons interact with the atoms of the sample surface and 
produce signals that contain information about the surface geometrical shape and 
composition.  The most common imaging mode of the SEM is secondary electrons which 
collects secondary electrons ejecting from the k-orbits of the sample atoms by inelastic 
scattering interactions with the electrons beam. The spatial resolution can fall less than 
around 1-3 nm [118].  Higher resolutions are possible through TEM. 
In TEM, a beam of electrons is transmitted through a very thin sample, typically 100 nm, 
interacting with the atoms as it passes through the sample and forms the image. The 
theoretical resolution of the method is reported to be around 42 pm. However, in practice 
this value is around 50-100 pm [119]. Both SEM and TEM imaging are widely used in fuel 
cell layers characterisation and modelling [120].    
Cheng et al [121], operated single-cell PEFC for different lengths of time.  Both SEM and 
TEM imaging were used to investigate structural and morphological changes in surface 
and cross section of the fuel cell CL.  Additionally, an agglomeration in catalyst nano 
particles was observed through TEM images.   
Reported by Mukherjee & Wang [87], a 2D image of the surface of a CL taken by TEM 
were used to reconstruct the 3D representative image of a CL via stochastic reconstruction 
and coupled it with numerical simulations to obtain a pore-scale description of 
concentration and potential fields. The method signifies the influence of inhomogenity of 
the CL on the fuel cell performance. 
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Similarly, Thiedmann et al [122], used GDL surface SEM images and detected a thin 
section from the images to model the GDL 3D structure through stochastic reconstruction.  
The quality of the structural model was compared to the synchrotron tomography images 
of the GDL in terms of the distribution of spherical contact distance to fibres seen from an 
arbitrary chosen point of the pore space.  
Tang et al [123], investigated porosity graded MPL microstructure through SEM images. 
They show that fuel cells with graded porosity are beneficial for the electrode process cell 
reactions, probably due to the easier water transportation via larger pores while gas 
diffuses through smaller pores. 
Finally, Ostadi et al [90],[126], utilized the SEM image of the GDL surface to finely tune 
the threshold for binarisation of grey scale X-ray µCT/nCT images of the same GDL.  The 
finely tuned binary images were then used for pore characterisation.    
Although, 2D SEM and TEM images give a good understanding of PEFC layers in many 
characterisations and modellings [34],[36],[124],[125], they are limited to the surface. For 
a thorough understanding of PEFC porous layers, 3D imaging analysis is required. 
2.4.6 Three dimenstional reconstruction through micro/nanotomography 
Three dimensional reconstruction involves assembling thin slices of an object to create the 
3D digital structure either destructively or non-destructively.  
Non-destructive methods such as PET (Positron Emission Tomography), SPET (Single 
Photon Emission Tomography), MRI (Magnetic Resonance Imaging) ,TEM tomography, 
electron beam tomography, X-ray µCT and X-ray nCT involve reconstructing 2D 
projections of an object viewed from different angles derived from Radon function.  Radon 
function computes the line integrals from multiple sources along parallel beams, or paths, 
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in a certain direction assuming that projection of a 2D image (function) is a set of lines 
(line integrals).  Therefore, with a sufficient number of projections, an inverse Radon 
transform should result in reconstruction of the object.  In practice, less computationally 
expensive methods such as backprojection methods are used.  Backprojection methods 
project each recorded image back into the object space at the angle at which the original 
image was recorded [127],[128].  Although, the principle in non-destructive 3D 
reconstruction methods is similar, resolution of each method is different.    
High resolution PET and SPET are limited by detector performance, and the resolutions 
are currently not better than 500 µm [129].  X-ray µCT and a conventional MRI 
microscope have a typical resolution of 5µm.  The recent nuclear MRI technique can 
provide a resolution up to 90 nm [130].  The resolution of the imaging systems is either 
limited by imperfection in the lenses or misalignment, or by diffraction, which is 
determined by wavelength [131].  The most recent X-ray synchrotron facilities enables 
characterisation of various materials with a spatial resolution down to 22 nm [132],[133].  
X-ray transmission microscopy and electron tomography resolutions are reported to be 
around 1 nm, although the sample thickness is limited to a few hundred nm [134],[135].  
For MPL and CL characterisation, thick samples around 5 µm and resolution of better than 
20 nm is required.  The FIB/SEM nanotomography destructive technique would be a 
solution. 
It is called destructive since the method is based on milling (polishing) away a thin slice 
from the sample surface through ion beam, e.g. heavy Ga
+
 ions, and recording an SEM 
image of the new surface.  Repeating the milling-recording process generates a stack of 
SEM images which enable reconstruction of the structure through assembling the slices 
[136].  
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The polishing-imaging method was used to reconstruct high manganese steel through 
metallographic polishing and SEM imaging to investigate grain disorientation in 3D [137].   
Recently, there have been examples of FIB/SEM nanotomography as well as X-ray 
µCT/nCT, applied to fuel cell characterisation. 
Wilson et al [138], used the FIB/SEM nanotomography technique to reconstruct the solid 
oxide fuel cell anode.  The 3D reconstructed image with 50 nm resolution enabled them to 
measure porosity, surface area of each phase and connectivity of the material at pore level. 
Moreover, the image was coupled with FEA to predict the tortuousity of the porous 
structure.  
Similarly, Gostovic et al [139], employed the FIB/SEM nanotomography for three 
dimensional reconstruction of solid oxide fuel cell cathode at 20 nm resolution to measure 
porosity, closed porosity, graded porosity, surface area, tortuousity and PSD. 
Very recently, Zils et al [140] and Ziegler et al [141], employed FIB/SEM 
nanotomography techniques to investigate morphological parameters of the CL and PEFC 
electrode with resolutions of 30 nm and 14.5 nm. 
Ostadi et al [13], developed the FIB/SEM nanotomography to reveal the internal structure 
of the MPL with 14 nm pixel size and combine the tomography image with LB modelling 
to investigate the permeability and tortuousity of the thin MPL layer.  
Recently, X-ray microtomography has been used to quantify liquid water saturation 
distribution in a porous GDL and determine the two-phase material parameters with sub 10 
µm resolution [70],[142]. The latest report suggests that nanotomography (Nano XCT, 
California, US: Xradia Corp.) can be used to reconstruct the porous catalyst layer (CL) of 
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fuel cells at sub-micron resolution, in order to study changes in the membranes after 
transient operation [143].  
The methods are not limited to the fuel cell layers characterisation.  Ostadi et al [144], 
extended the FIB/SEM nanotomography method to measure the roundness of a 
micropipette tip with 60 nm pixel size.  The micropipette roundness has a great effect in 
seal formation when used for cell grabbing experiments known as patch clamping.  X-ray 
nCT has been successfully employed to scan porous human dentin tubules at 295 nm 
resolution and to reconstruct the 3D cylindrical structure of the porous tubules which are 
between 1 to 3 µm in diameter using the SkyScan 2011 desktop nanotomography system 
(Kartuizersweg, Belgium: SkyScan) [145]. 
2.5 SUMMARY 
Main components of a modern PEFC including BPP, GDL, MPL, CL and the electrolyte 
membrane have been reviewed in section 2.2.  The three permeable porous layers 
including GDL, MPL and CL were particularly chosen due to their noteworthy role in fluid 
transportation.  
Fluid transportation governing equations including gas, liquid and two phase transport 
were studied.  It was understood that there are mainly two methods for PEFC porous layers 
modelling:  (i) macroscopic or macrohomogeneous models and; (ii) microscopic or pore 
scale models.  
It was realized that macrohomogeneous models applicable to the GDL, MPL and CL use a 
variety of averaged parameters including tortuousity, permeability, effective diffusivity 
and porosity which are inherently based on the detailed geometrical information of the 
layers at pore scale. Pore scale models and simulations including pore network modelling, 
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pore morphology modelling, stochastic reconstruction, homogenized and idealized 
geometries and numerical LB modelling that rely on the pore network characteristics were 
reported.  
Characterisation methods including a direct method for porosity characterisation, capillary 
flow porometry, standard contact porosimetry and mercury porosimetry for PSD 
characterisation, air permeability, specific surface area analysis through the BET method 
and 2D surface imaging through SEM/TEM were investigated. 
It was recognized that although 2D SEM/TEM imaging provide important information of 
the surface, 3D imaging techniques including X-ray micro/nanotomography and FIB/SEM 
naotomography could greatly assist the real 3D characterisation.  Therefore, a review on 
those current characterisation methods applied to fuel cell layers is given. 
Reported work in this Chapter has a considerable influence on the direction of this 
research. The characterisation methods including X-ray µCT/nCT and FIB/SEM 
nanotomography for characterisation of the GDL and MPL/CL were selected respectively.  
The LB numerical modelling and simple analytical models to predict key parameters of the 
porous layers were identified for simulation and calculations. Therefore, in Chapter 3 the 
3D characterisation and key parameter calculation through X-ray µCT/nCT combined with 
the LB model are reported. 
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3 CHAPTER 3: X-RAY TOMOGRAPHY AND STUDY OF 
THE THRESHOLD 
3.1 INTRODUCTION 
This Chapter explains the X-ray µCT/nCT imaging principles, parameters calculation 
method and fine tuning of the threshold for binarisation of tomography grey scale images.  
The Chapter is organised as follows: a study of the X-ray µCT/nCT imaging is given in 
section 3.2 and optimized X-ray imaging conditions including source voltage, source 
current and rotation step are recognized.  Then, in sections 3.3, analytical methods and LB 
approach for calculation of structural and fluid transport parameters are discussed.  In the 
process determination of the threshold for binarisation of X-ray grey scale images is 
critical. Therefore, in section 3.4 current thresholding techniques for binarisation of X-ray 
µCT/nCT images and their advantages and disadvantages are explained.  In section 3.5, the 
influence of small threshold variation on determining the properties of a non-woven GDL 
is investigated.  Then, a novel experimental method to accurately identify the threshold 
value for the GDL is reported.  Similarly, in section 3.6 the influence of the threshold on 
the properties of a woven GDL is discussed and a similar novel experimental method for 
the fine tuning of the threshold is presented.  Finally, this Chapter is summarised in section 
3.7.  
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3.2 X-RAY µCT/NCT PRINCIPLES 
X-ray µCT/nCT reconstructs an object by assembling the projected images of it, viewed 
from different directions as shown in Figure 3.1.  Images are produced based on the level 
of X-ray attenuation which reflects the density of the sample.  These grey scale projections 
are then used to make 2D slices corresponding to what would be seen if the sample was cut 
through the scanning plane.  The slices are then assembled to reconstruct a 3D image 
[146].  X-ray images can be generated using high resolution µCT with 2-5 μm resolution 
and nCT with 20-50 nm resolution through desktop or synchrotron scanners.  Synchrotron 
scanners provide parallel X-ray beams and therefore result in higher resolution and better 
image contrasts [127], while in desktop tomography, X-ray sources are not able to generate 
parallel beams. Instead, they use a point source which produces a small angle cone X-ray 
beam in the object area as seen in Figure 3.1.  In this work, desktop tomography was 
employed.  
 
Figure 3.1. Schematic of Micro/nanotomography system. 
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In the process of desktop X-ray tomography there are generally three key steps:  (i) image 
acquisition; (ii) backprojection and 2D slice reconstruction and; (iii) 3D reconstruction. 
The steps are explained further as follows: 
3.2.1 Image acquisition  
The principle of the desktop X-ray µCT (SkyScan 1072, SkyScan Ltd. Belgium) and X-ray 
nCT (SkyScan 2011, SkyScan Ltd., Belgium) , is shown in Figure 3.1.  A sample is placed 
in front of an X-ray source and rotated step-by-step.  Grey scale projections are then 
generated using an X-ray detector array.  SkyScan 1072 system is equipped with an X-ray 
source of 100 kV (max) and 100 µA (max) and a minimum rotation step of 0.23 deg 
resulting in a maximum pixel size of 1.76 µm.  SkyScan 2011 uses an X-ray source of 80 
kV (max) and 200 µA (max) and a rotation step of 0.23 deg which gives a maximum pixel 
size of 200 nm.  Although increasing the rotation steps would increase the accuracy of 
reconstruction, the cost of computational time is very expensive.  Also, increasing the X-
ray energy by current would result in a better image contrast therefore images are taken at 
the maximum current. However, increasing the X-ray voltage causes X-ray over-
transmission, meaning that projections become over-bright especially when the X-ray 
passes through soft materials. Therefore, parameters recommended by many researchers 
and the machine manufacturer are: X-ray low voltage of 40-50 kV at 100 µA with rotation 
step of 0.9 deg for the µCT and 25-40 kV at 200 µA with rotation step of 0.5 deg for the 
nCT systems [147],[148],[149],[150],[151]. 
The X-ray detector used for both devices is a Hamamatsu X-ray camera, which contains a 
scintillator and a charge coupled CCD chip.  The X-rays are converted to flashes of light 
by a scintillator screen (gadolinium oxide).  The CCD chip is smaller in size than the 
scintillator and can be damaged by long exposure to X-rays.  To lessen potential damage, a 
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tapered fibre-optic bundle is used, which is glued to the scintillator screen at one end and 
the CCD chip at the other.  The bundle maintains an exact 1:1 translation of the position 
from the scintillator to the CCD chip.  The camera employed in the SkyScan system has a 
1024×1024 pixels CCD chip with a 12 bit depth.  The minimum pixel size of a system is 
defined by the object diameter of the camera and the number of pixels across it.  For 
instance, in the SkyScan 1072, the object diameter is around 1.8 mm.  The maximum pixel 
size is therefore worked out as 1.8 mm divided by 1024 pixels, which gives 1.76 µm. 
The 2D gray scale shadow images are then used to reconstruct 2D cross-sectional image 
slices, which correspond to what would be seen if the sample is cut through the scanning 
plane.  The slice reconstruction is based on the backprojection method which is discussed 
in the next section. 
3.2.2 Backprojection and 2D slice reconstruction 
A simple example of a parallel beam backprojection method is shown in Figure 3.2.  It is a 
grey point with high level of X-ray absorption in an unknown position within an object.  In 
a projection image, a decrease in intensity of absorption within the object area will be seen.  
An empty array of pixels corresponding to all possible object displacement can be 
initialized in the computer memory.  Since the position of the projection from the 
absorption points are known, one can mark all possible positions of absorption points as 
lines in the computer memory. 
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Figure 3.2. Projection and reconstruction of a single point in an object; a) Three 
different projections of a single point in an object and; b) The corresponding 
reconstruction from the projected data. 
In each rotation step, the lines of possible positions of the point will be added to the area 
of reconstruction.  After many rotation steps, the position of the absorption point in the 
reconstructed area will be localized.  Increasing the number of projection by rotation 
steps, the localization becomes more defined, as illustrated in Figure 3.3 
[147],[148],[152].  
 
 
Figure 3.3. Reconstruction of a single point using different amount of rotations  
By the backprojection method, thin grey scale slices of the sample correspond to what 
would be seen if the sample was cut through the scanning plane, were produced.  The 
(a) (b) 
          3 views   6 views  12 views  24 views
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thickness of each slice is equal to the pixel size of the projections, e.g., in an image with 
1.76 µm pixel size in the projection images, the thickness of a slice is 1.76 µm.  
It is now possible to reconstruct the 3D image from the 2D slices. 
3.2.3 Three dimensional digital reconstruction 
The 3D reconstruction is a standard process and the 3D image could be achieved either in 
grey scale or binary image by assembling the slices together.  However, a binary 3D 
reconstruction process based on binary slices is much less time consuming than grey scale 
image processing.  Therefore, in this work we only use the 3D binary images.  There are 
two well-known algorithms that can be employed to carry this out:  'marching cubes 33' 
and 'double time cubes'.  'Marching cubes', which was developed by Lorensen and Cline 
[153], is a surface building process based upon an explicit hexahedral voxel model.  
'Double time cubes' is smoother since the number of facet triangles is half the number of 
the 'marching cubes' method and is developed by Bouvier [154].  The SkyScan 
reconstruction software namely, CTAN, uses mainly the 'double time cubes' method [155].   
As previously discussed, for pore analysis and 3D reconstruction, representative binary 
slices are required.  Therefore, it is necessary to threshold the greyscale slices acquired 
from X-ray tomography in order to produce binary images [156],[157],[158].  A thorough 
understanding of threshold and a novel method for fine tuning is presented later in sections 
3.5 and 3.6.   
For a general binary image, structural and transport parameters including porosity, surface 
area, pore size distribution, porosity, characteristic lengths, structural degree of anisotropy, 
permeability, tortuousity and effective diffusivity could be obtained through 3D digital 
images as discussed in the next section.  
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3.3 KEY FLUID TRANSPORT AND STRUCTURAL PARAMETERS 
Two approaches analytical and numerical are investigated in this section. 
3.3.1 Analytical approach 
In this section, key structural and fluid transport parameters discussed in Chapter 2, are 
calculated for an X-ray tomography binary image. CTAN, MATLAB and Visual C++ 
software were used for calculations.  The Visual C++ code was developed at the University 
of Liverpool for LB modelling and used for calculation of permeability and tortuousity. 
CTAN and MATLAB along with analytical approaches were used for calculation of all 
other parameters. 
3.3.1.1 Solid volume, pore volume and porosity 
From a binary image, the solid (or pore) volume is the number of voxels of solid objects 
(or pore) times the voxel volume. Then, the porosity is simply the ratio between the pore 
volume and the total volume where the total volume is the sum of the pore volume and 
solid volume.  
3.3.1.2 Solid and pore surface 
The surface measurement is based on the surface of the double time cubes, i.e. the total 
number of facets times the surface of each facet.  
3.3.1.3 Pore size distribution, mean pore radius and characteristic length 
In the analysis of the 3D binary images, a 3D spherical local radius can be measured. Local 
radius for a point in pore is defined as the radius of a sphere which meets two 
requirements: (i) the sphere surrounds the point; (ii) the sphere is entirely bounded within 
the solid/pore surfaces. The distribution of the spheres’ size is the pore size distribution, 
and the mean radius of the spheres is regarded as the mean pore radius [161],[162].  Also 
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the mean pore-pore distance or characteristic length [163] can be calculated by averaging 
over distances between spheres.  
3.3.1.4 Degree of anisotropy 
Isotropy (or anisotropy) is a measure of 3D symmetry or the presence (or absence) of 
preferential alignment of structures along a particular directional axis.  A GDL volume 
contains two phases (void and solid) and has a complex architecture.  If the volume is 
isotropic, then a line passing through the volume at any direction makes a similar number 
of intercepts through the solid phase.  GDL could be anisotropic, since lines going along 
the direction of the fibres would make few intercepts along the fibres’ rods while lines 
crossing at right-angles through the flow direction would make many intercepts.  Mean 
intercept length (MIL) analysis is used to measure isotropy.  It sends a line through the 
volume and divides the length of the line through the analyzed volume by the number 
intercepts.  A huge number of the MIL lines are drawn passing through one point.  In 3D, 
this creates a dense "pin-cushion" like effect with lines in all directions at different lengths.  
Anisotropy tensor analysis based on eigen analysis is needed to extract some summary 
numerical parameters defining the orientation and isotropy (or anisotropy) of the MIL 
distribution.  The end result of the anisotropy tensor analysis is the eigen analysis and 
eigen meaning characteristic.  The three eigen values are each an index of the relative 
length of solid intercepts in each of the three axes described by the eigenvectors.  Finally, 
one can derive from the tensor eigen analysis a single parameter measuring anisotropy and 
is calculated as the minimum eigen value divided by the maximum eigen value.  Degrees 
of anisotropy calculated in this way vary from 0 (fully isotropic) to 1 (fully anisotropic) 
[164]. 
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3.3.1.5 Centroid and tortuousity 
The tortuousity of a material reflects the convolution of the pathways within it relative to 
the movement of an infiltrating gas in free space. It is usually defined by the ratio of the 
length of the mean effective path through the pore space and the material thickness 
[165],[166],[167], As such, the tortuousity can be quantified by tracking the centroid of 
each pore (which is the mass centre of single phase flow) as it goes from one side of the 
layer to the other side. Then, tortuousity is the total length of this path divided by the 
thickness of the layer [139]. As the flow moves from the surface of the layer, the centroid 
of each pore can be corresponded to the centroid of each 2D slice image. The calculation 
of the centroid of the binary image is as follows:  
Similar to the concept of moment of inertia, moment of a 2D binary image, M, of order 
(i+j) can be calculated as: 
x y
yxI
j
yixijM ),(  
(3.1) 
Where x,y are the horizontal and vertical position of a pixel with respect to a fixed origin 
and I(x,y) is the intensity of the pixel.  In the case of a binary image, the intensity equals to 
0 for the pores and 1 for the solid.  The centroid of each binary slice could be obtained by 
the first order of moment given by equation (3.2):  
}00/01,00/10{},{: MMMMyxCentroid  (3.2) 
Then, tortuousity is the total length of the path of the centroid track divided by the 
thickness of the layer. 
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3.3.1.6 Effective diffusion coefficients and permeability  
As discussed in section 2.3 of Chapter 2, the effective diffusion is obtained by:  
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(3.3) 
where effective diffusion coefficient εG/τG can be calculated by porosity and tortuousity 
obtained from tomography images.  
Similarly, Knudsen diffusion dominates when the pores are small i.e. in the case of MPL 
and CL.  The knudsen diffusion coefficient, DK, is given by following equation: 
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where rp,mean, R, T and Mm are mean pore radius, gas constant, temperature in Kelvin and 
molar mass of air. 
As discussed in Chapter 2, gas phase permeability, kG, can be calculated through two 
analytical approaches: (i) Kozeny-Carman relation as equation (3.5) [168] and; (ii) 
Tomadakis-Sotirchos as equation  (3.6) [169]: 
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where kK is the Kozeny constant and depends upon porosity. The literature reveals a wide 
range in the value of the Kozeny constant for carbon fibre materials in general ranging 
from 1.45 to 26.50, but in the region of 4.06 to 4.54 for typical commercial materials based 
on carbon fibre [170].  
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Equation (3.6) is independent to the fitting parameters compared to the Kozeny-Carman 
relation; therefore it is more convenient for fuel cell permeable material modelling. 
3.3.2 Calculation of permeability and tortuousity through LB approach 
The LB method is a numerical model based on kinetic theory to simulate fluid dynamics 
[71],[72].  The concept of the LB method was introduced by McNamara and Zanetti to 
develop its predecessor, the lattice gas algorithm [73],[74].  Unlike conventional CFD, the 
LB method tracks the streaming and collision of a collection of pseudo-particles in a lattice 
which interact according to a velocity distribution function.  As an example, the single-
time relaxation LB model [75] is based on the movement of a fictitious particle described 
in terms of the particle distribution function, fi(x,t), (mass of a particle at location x at time 
t ) and moving with velocity, ξi, in the direction i:  
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where fi
eq
(x,t) is the equilibrium distribution function which is the value of fi(x,t) under an 
equilibrium state and  is a relational parameter which controls the rate at which fi(x,t) 
approaches fi
eq
(x,t).  Solving equation (3.7) by the finite difference method gives:  
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where δt is the time step and τr= δt/  is a dimensionless relaxation time parameter.  
Therefore, a particle with velocity ξi at location x and time t will redistribute to x+ξiδt at 
time t+δt after colliding with other particles at location x moving with dissimilar velocities.  
The number of dissimilar velocities in the LB model depends upon the 3D scheme 
employed. 
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The LB model considers the particle distribution functions at each voxel in turn and 
determines a set of nineteen velocities in the 3D spatial domain for the node of each voxel 
as shown in Figure 3.4.  The nineteen velocities considered are as follows:  stagnation at 
the origin (0,0,0)/ δt; two velocities in the x direction (± δx,0,0)/ δt; two in the y direction 
(0,± δx,0)/ δt; four in the x-y plane (± δx,± δx,0)/ δt; four in the y-z plane (±δx,0,±δx)/ δt 
and four in the y-z plane (0,± δx,± δx)/ δt.  This scheme is commonly known as the D3Q19 
scheme.  
 
Figure 3.4. The 19 directions along which the particles in each void voxel move 
The single phase model assumes that the pores are infiltrated by air.  Using the detailed 
velocity field, it is possible to calculate the three components of the permeability tensor for 
the imaged sample using Darcy's law: 
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where ρ is the density of air, μ is the kinetic viscosity of air, qi is the average velocity in the 
direction i, ∆P is the pressure applied in the principal flow direction and Li is the overall 
sample length in the direction i.  The average velocity qi is directly related to the velocity 
field and are obtained by: 
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where ux (xi);uy (xi);uz (xi) are the three simulated velocity components for each element of 
the image.  Once the absolute permeability is known, the permeability for each specific gas 
with density ρj and kinetic viscosity µj can be calculated from  
jj
k
jk  
(3.11) 
All the variables in equations (3.10) and (3.11) are measured in a spatial unit δx and a 
temporal unit δt.  Applying the pressure difference to other two directions allows the other 
components of the permeability tensor to be calculated. 
In the LB model, a pressure difference is applied to two opposite sides of the image along 
the through-plane direction to drive gas flow.  The other four sides at in-plane directions 
are treated as non-mirrored periodic boundaries, in which two opposite sides are 
neighboured such that particles moving out of the domain from one side re-enter the 
domain through its opposite side.  All the simulations start from a zero velocity field and 
the pressure field is linearly distributed in the direction along which the pressure difference 
is imposed.  Steady state conditions are judged using the parameter Ω where  
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Flow is assumed to have reached steady state when the tolerance Ω less than 10-5 is 
satisfied. 
The LB technique can be applied to determine the tortuousity.  It is fundamentally the 
same as that applied to calculate permeability described above but simplified to consider 
seven velocities in three dimensions (D3Q7).  In addition, the equilibrium distribution 
function fi(x,t) for fictitious particles moving with through the lattice can be defined as: 
7/),( ctx
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where 7 represents the number of directions (including the stagnant particles) along which 
the particles move and c is the gas concentration, calculated by:  
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where i=0 represents the stagnant particles and i=1-6 represents the mobile particles.  The 
free diffusion coefficient of gas movement in the void space is given by:. 
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where r is a dimensionless parameter that controls the rate of fi(x,t) approaching fi
eq
(x,t).  
The diffusive gas flux J, in each void voxel is calculated by: 
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Two different gas concentrations can be applied to the two opposing faces of the structure, 
which in return drives a diffusive flow through the simulated structure.  The remaining 
four faces of the 3D image can be treated as periodic boundaries, in an identical manner to 
that described for the permeability analysis [171].  The void-solid interface is assumed to 
be impermeable to the gas.  After the gas flow is deemed to have reached steady state, the 
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effective diffusion coefficients of the gas in direction i along which the gas concentration 
gradient was applied can be estimated as:  
N
n ni
J
ctotN
L
iiD 1 ,  
(3.17) 
where Ntot is the total number of the void voxels in the image, Δc is the concentration 
difference applied to the two opposite faces, L is the distance between the two faces, and 
Ji,n is the flux in the i direction at voxel n when the concentration gradient is applied in the 
i direction.  With the effective diffusion coefficient of gas flow in the structure and the free 
diffusion coefficient known, the tortuousity of the porous network along the direction i is 
calculated by 
iiDDi /0  (3.18) 
Hence, by combining the full 3D morphological reconstruction of the structure with LB 
numerical flow simulation, the resulting calculation of tortuousity based on diffusion will 
directly reveal the convolution of pathways within the porous structure in all three 
dimensions. 
In section 3.2 it was recognized that thresholding is a crucial step in producing accurate 3D 
binary images.  Therefore in the next sections current techniques for binarisation of 
tomography images are described and then novel methods to finely tune the threshold are 
presented. 
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3.4 THRESHOLDING TECHNIQUES FOR BINARISATION OF X-RAY µCT/NCT 
IMAGES 
One of the crucial steps in the X-ray tomography based digital reconstruction process is 
thresholding, in which structures are evaluated in voxels with gray level values and 
segmented to distinguish solids from pores using a threshold value.  
At present, a threshold is often determined visually or by the common Otsu algorithm 
[155],[159]. The Otsu algorithm steps are as follows:  (i) every possible threshold for the 
image is applied and the pixels are subdivided into two categories of object pixels and 
background pixels in each thresholded image; (ii) the spread of the pixel levels on both 
sides of the threshold are calculated.  The optimum threshold is the one in which the sum 
of the object and background pixel spreads is minimum (Figure 3.5).  However, it has been 
shown that the Otsu algorithm cannot be always reliable and it is computationally 
expensive when dealing with hundreds of images [160].  On the other hand, selection of 
threshold can have a significant effect on the volume fractions, pore sizes, average 
object/pore size, morphological parameters and mechanical properties of various structures 
[122],[126],[172],[173].  As such, further research is needed to improve the understanding 
of how optimal threshold levels can be determined to enhance the accuracy and practical 
applicability of X-ray tomography based structural modelling and porous flow simulation. 
In the following two sections, new threshold methods are proposed for woven and non-
woven GDL for binarisation. 
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Figure 3.5. 2D and 3D images of a GDL carbon paper sample.  The images have been 
taken through SkyScan 2011 nCT scanner and thresholded through the Otsu method.; 
(a) A shadow x-ray tomography image; (b) A 2D reconstructed greyscale slice image ; 
(c) A binary image of the cross section shown in figure 1b based on Otsu's algorithm.  A 
simple Matlab code was developed and a few slices were randomly chosen and 
thresholded based on the Otsu algorithm.  The threshold value was then applied to the 
whole stack of slices for 3D reconstruction using CTAN and ; (d) An isometric view of 
the reconstructed image of a GDL sample with a 680 nm pixel size using CTAN. 
3.5 THRESHOLD METHOD FOR NON-WOVEN GDL IMAGES 
In this section a new method for fine-tuning the threshold of tomography images for a non-
woven GDL.  First, the influence of small threshold variations on determining the 
properties of the GDL is discussed.  Then porosity and average fibre diameter of the GDL, 
obtained from a series of thresholded X-ray images were compared to reference values of 
porosity and average fibre diameter achieved from a density experiment and SEM images 
respectively.  Between the thresholded images, the optimal threshold was chosen, in which 
(a) 
(d) 
(b) 
(c) 
A 
B 
In-plane flow direction 
Through-plane flow 
direction 
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the porosity and average fibre diameter of the resultant digital model are closest to the 
reference values.  
3.5.1 Influence of threshold variation on properties of non-woven GDL 
In this investigation, a 1×1×0.3 mm
3
 carbon paper GDL HP_30_35 sample supplied from 
Technical Fibre Products is scanned in front of an X-ray source of SkyScan 2011 with 25 
kV, 200 µA without filter, 2 sec exposure time, 3 frames in average and a rotation step of 
0.5 degrees. 371 shadow images with 680 nm pixel size are acquired within 40 minutes.  
The shadow images are then processed using modified Feldkamp filtered back projection 
method to reconstruct the 2D greyscale slices.  
For the investigation of threshold variation, a threshold value (obtained from Otsu's 
algorithm applied to a randomly chosen slice) is selected for processing greyscale images 
and creating binary images.  This threshold value is taken as a reference for a starting 
point.  Then, 12 more threshold values in increments of 1 greyscale, i.e. 0.4% of the total 
greyscale value, are used as test threshold values and the binary images are generated.  The 
variation of porosity, degree of anisotropy, average pore radius, diffusion, and permeability 
parameters over threshold variation are studied. 
The first important parameter that can be calculated directly from a reconstructed model is 
porosity as described in section 3.3.1.1. Figure 3.6 shows that the porosity of the full area 
of the tomography image changes linearly over the threshold values of the thirteen 
samples.  
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Figure 3.6. Influence of threshold variation on porosity of the non-woven GDL 
sample. 
As discussed in section 3.3, degree of anisotropy is a key parameter in the GDL material 
characterization.  Since the calculation of the degree of anisotropy is time consuming, a 
cubic sample of 300 µm on each side, which is equal to the thickness of the carbon paper, 
was selected for calculations.  Dimensionless degrees of anisotropy of the sample over the 
threshold variation is summarised in Figure 3.7 for both pore and solid networks.  It can be 
seen that threshold variation has a negligible effect on the degree of anisotropy for both 
solid and pore network in the GDL.  A 5% variation in threshold results in a 2% change in 
the degree of anisotropy. 
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Figure 3.7. Degrees of anisotropy of both pore and solid network over threshold 
values 
The average pore size of the samples measuring the full reconstructed area was calculated 
and was found to change with the threshold value by 0.5 and the average pore radius 
changed from 13.5 µm to 16 µm over a 5% threshold variation span linearly as shown in 
Figure 3.8. This means that Knudsen diffusion changes about 20% over only 5% of 
threshold variation. 
The variation in threshold results in 10% fluctuation in the fibre diameter of the nCT image 
of the GDL sample.  This could be because the fibres which are packed very closely 
together could be separated by only a slight variation in threshold, which can change the 
average diameter accordingly as shown in Figure 3.9. 
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Figure 3.8. The relationship between average pore radius of the GDL and threshold 
value.  
 
Figure 3.9. Variation of fibre diameter and porosity over 5% threshold alteration. 13 
grey levels represent 5% of threshold variation. Average fibre diameter over 
threshold is fluctuating for GDL. 
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For permeability, the 3D reconstructed model of the GDL is stored in a 3D binary array 
and uploaded to the LB model described in section 3.3 for flow simulation.  In general 
modelling terms, the spatial resolution of the LB model has to match the pixel size of the 
3D image.  In the current study the GDL has a porosity of greater than 80% which thereby 
eases the computational demand of the LB flow simulation.  This therefore allows each 
voxel of the 3D binary image to be used directly as the lattices of the LB model.  In this 
case, the spatial resolution of the LB model is set equal to the pixel size of the X-ray 
images.  The LB solver is applied to differently thresholded samples of 100×300×100 µm
3
 
flowing along 300 µm length direction to simulate the detailed gas velocity field in the 
void space of the GDL, with the assumption that the void spaces are filled with air.  The 
simulated velocity is then used to obtain the absolute permeability for the region.  As the 
absolute permeability represents the linear dependence of gas flow rate on pressure 
gradient, it must be ensured that the flow rate in the simulations is also in this linear range.  
As such, the pressure difference applied to each region is set to 20 Pa.  
The simulation was carried out on a dual-core 2.01 GHz workstation with 3.25 GB of 
RAM.  A single-phase simulation for the region takes 500 minutes.  Figure 3.10 
demonstrates that the through plane permeability is a strong function of threshold 
variation.  
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Figure 3.10. Through plane permeability sensitivity over threshold variation.  With 
only ~5% variation of threshold the permeability is almost doubled from 2.38×10
-7
 
mm
2
 to 4.02×10
-7
 mm
2
.  
In this section, the influence of a small threshold variation on mechanical and fluidic flow 
properties of a non-woven GDL layer was studied.  The results show that porosity 
increases linearly with a lower threshold.  The linearity implies that the GDL structure is 
quite homogeneous in terms of material density distribution.  The sensitivity of the degree 
of anisotropy for the solid/pore network to a 5% threshold variation is only about 2%.  The 
analysis on average pore diameter finds that it changed from 13.5 µm to 16.9 µm and has 
an influence of 20% on Knudsen diffusion of the GDL.  Hence, diffusion is a parameter 
sensitive to threshold.  The variation in threshold results in 10% fluctuation in the fibre 
diameter of the nCT image of the GDL sample.  Permeability is found very sensitive to the 
threshold and changes about 80% with only 5% threshold variation, since increasing the 
porosity helps fluidic flow in the pore network.  
The next section is focused on precisely identifying the correct threshold level. 
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3.5.2 Fine tuning of threshold 
This section proposes a method for fine-tuning the threshold of nanotomography images 
for porous media.  Porosity and average fibre diameter of a GDL obtained from a series of 
thresholded images as shown in Figure 3.6 and Figure 3.9 were compared to reference 
values.  
Reference values were considered to be porosity and average fibre diameter which can be 
achieved easily and accurately from density experiments and SEM images respectively. 
Therefore, between the thresholded images, the optimal threshold was chosen in which the 
porosity and average fibre diameter of the resultant digital model are closest to the 
reference values. 
SEM can provide high-contrast and high-resolution greyscale images of the surface of the 
imaged sample and therefore allows the features of the carbon fibrils of the GDL to be 
determined.  Four SEM images from the corners of a 5×5 mm
2
 GDL and another from the 
centre were taken.  The average fibre diameter in each binary SEM image was calculated 
using CTAN software.  The average diameter obtained was 7.00±0.05 µm. Figure 3.11 
shows an SEM image of the sample centre. 
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Figure 3.11. SEM image of the surface of the GDL sample. 
The porosity of a material can be calculated using grammage (basis weight) and the 
thickness of the GDL.  The solid fraction of the material was worked out based on the 
density of the GDL and then porosities were determined as 84±1%.  Therefore those 
threshold values which give porosities out of 84±1% and 81±1% can be withdrawn.  The 
average fibre diameter of the remaining threshold levels from the nanotomography images 
are given in Table 3.1. 
10 µm 
Chapter 3  X-ray tomography and study of threshold 
65 
Table 3.1 Average fibre diameter of the remaining threshold values, reference value of fibre 
diameter, porosity results from nanotomography and reference value of porosity for the 
GDL carbon paper. 
Number Average fibre 
diameter (µm) 
Reference value of 
fibre diameter (µm) 
Porosity (%) Reference value of 
porosity 
1 7.2 7.00±0.05 83.0% 84±1% 
2 7.4 7.00±0.05 83.3% 84±1% 
3 7.2 7.00±0.05 84.4% 84±1% 
4 7.1 7.00±0.05 84.9% 84±1% 
 
The tomography threshold cannot be tuned with regard to porosity only.  In this 
experiment, there are several values of porosities close to the reference values of 84±1% & 
81±1% summarised in Table 3.1.  Each of the calculations represents different threshold 
levels. 
In Table 3.1, number 2 can easily be removed because the calculated fibre diameter is 
higher than the others.  Between 1, 3 and 4 the priority of choosing the optimal threshold is 
given to the fibre diameter since the experiment of fibre diameter average measurement 
was based on high resolution SEM images and therefore it is more accurate than the 
density experiment. This leaves number 4 as the optimal threshold. 
The fine-tuning process established above, based on the conservation of fibre diameter and 
porosity, therefore results in 84.9% of porosity and 7.1 µm in average fibre diameter for 
carbon paper.  The 3D binary image of carbon paper using optimal threshold values is 
shown Figure 3.12.  
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Figure 3.12. An isometric view of the reconstructed image of GDL carbon paper 
sample with 680 nm pixel size using CTAN. 
The method discussed above is not applicable for a woven material.  It is not reliable to 
measure the porosity of the sample through the thickness of the sample since the surface of 
the sample is not flat and the thickness varies from point to point.  Therefore, in the next 
section, the porosity is not taken as a reference.  Instead, continuity in the material is 
investigated. 
3.6 THRESHOLD METHOD FOR A WOVEN GDL 
This section investigates the effect of threshold variation on the properties of a 
reconstructed woven GDL layer and provides a method to find an optimized threshold 
value.  
To understand the effect of threshold variation on the properties of reconstructed porous 
woven material, GDL samples of 5-10 µm filament size have been scanned in SkyScan 
1072 with a different pixel size of 1.76 µm.  
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A GDL SCCG-5N sample was scanned in front of an X-ray source of SkyScan 1072 with 
50 kV, 100 µA without filter, 2 sec exposure time, 3 frames in average and a rotation step 
of 0.9 degrees. 207 shadow images with 1.76 µm pixel size were acquired within 55 
minutes. 
A set of 2D greyscale image slices were produced in 256 grey scales and Otsu's 
thresholding algorithm was applied to a randomly chosen 2D slice.  Then, the obtained 
value from Otsu method was applied to the whole set of 2D image slices and taken to be 
the starting point for threshold variation.  Next, the set of 2D greyscale slices were 
thresholded again in 12 grey levels with a step of 0.4% variation around the starting point, 
such that each step associates to 1 grey level (5% threshold variation in total).  This 
process results in thirteen sets of thresolded 2D image slices.  
A typical shadow woven GDL image from an X-ray scanning is shown in Figure 3.13a, 
while a typical reconstructed slice is shown in Figure 3.13b.  Figure 3.14 shows the effect 
of a 5% change in the threshold on the discontinuity of fibres from an X-ray µCT.  For 
instance, the small blue circles in Figure 3.14a and b show the effect of a 5% threshold 
variation in continuity of the material.  Threshold values lower than Otsu's starting point 
obviously resulted in more discontinuity in this case, therefore for investigation of 
threshold variation, the 5% threshold towards the higher threshold were applied. 
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Figure 3.13. a) A typical shadow image of X-ray µCT; b) A reconstructed cross 
section image using CTAN software with µCT. 
 
Figure 3.14. Threshold variation as small as 5% makes a significant effect on fibre's 
continuity.  The blue circles are examples of discontinuity; a) low threshold based 
on Otsu's method and; b) is high threshold. 
In comparing the two images in Figure 3.14, one should pay attention to the average fibre 
diameters.  Many measurements were carried out using CTAN, for identifying the 
relationship between the 5% thresholds variation and average fibre diameter. Figure 3.15 
shows that by increasing the threshold value, how average fibre size increases.   
(a) (b) 
(b) (a) 
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Figure 3.15. Average fibre diameter in µm over threshold variation obtained from 
X-ray µCT.  
Figure 3.15 illustrates that there is a linear relationship between fibre diameter and 
threshold variation.  Higher threshold increases the continuity of the sample as well as the 
fibres' diameters.  Also, the effect of 5% threshold on the porosity, analytical permeability, 
equation (3.6), tortuousity, equation (2.5), and effective diffusivity, equation (3.3), of the 
sample based on µCT results were found to be around 10%, 10%, 3% and 2% respectively. 
Now the key is to identify the correct threshold.  In the next section an SEM image of the 
surface of the same GDL sample will help to find an optimum threshold value. 
3.6.1 Fine tuning of threshold 
A projected image of the surface of the 3D reconstructed model is like an SEM image of 
that of surface. Comparison between a µCT image and SEM images in continuity and fibre 
diameter is helpful for threshold estimation.  A binary SEM image should be taken as a 
reference in order to have a meaningful comparison.  Figure 3.16 shows a grey scale SEM 
image of a fabric and its binary image.  Generating a binary image from an SEM result 
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requires a threshold.  In doing so, the binary image can be compared with the grey scale 
image in terms of continuity and fibre diameter.  
 
Figure 3.16. An SEM image of woven GDL sample. The region of interest is shown 
inside a white circle; b) A binary image of Figure 3.16a.  
SEM images are of high resolution and high contrast and a 5% threshold variation does not 
make a significant difference.  As it is clear in the region of interest in Figure 3.16, the 
continuity of the fibres are the same which confirms that the Otsu's recommended 
threshold is fine for this region.  The average fibre diameter at the region of interest in 
Figure 3.16 and the whole image was found to be 8.05±0.1 µm and 7.80±0.1 µm 
respectively. 
An X-ray µCT scan of the same part of the GDL layer was carried out and a 3D model was 
reconstructed. It should be mentioned that, threshold variation in this case is discontinuous. 
The minimum step of the variation is 0.4% which corresponds to 1 grey level.  By using 
Figure 3.15, the average fibre size with threshold variation can be predicted.  A series of 
reconstructions for various thresholds (between 0% and 5% with step of 0.4%) was carried 
out and the continuity of the featured shape was examined.  In this experiment, only the 
highest threshold showed continuity in the material.  Figure 3.17. shows the two thresholds 
(highest and lowest) and reconstruction of the area in the circle in Figure 3.16a.  There are 
(a) (b) 
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two featured fibres with a cross (×) shape highlighted with yellow colour.  This could be 
seen in the both images of Figure 3.17 and the SEM image in Figure 3.16.  
 
 
Figure 3.17. A reconstructed image from the X-ray µCT with two estimated 
thresholds. Average fibre size in (b) is higher than (a) and closer to the reality. 
The resulting average fibre diameter from the µCT when the highest threshold value is 
applied is 8.2 µm and the cross (×) shape average fibre diameter is 8.3 µm, which are 5% 
and 3% less than the values of 7.80 µm and 8.05 µm obtained from the SEM image.  
The influence of threshold variation on the woven material properties based on µCT was 
discussed and a method to tune the threshold based on continuity of the material was 
described.  In the next section, this Chapter is summarised. 
 
 
(a) (b) 
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3.7 SUMMARY 
This Chapter explains the process of X-ray µCT/nCT. Particular interest is placed in 
proposing a novel thresholding method, which enables us to determine the key parameters 
of the GDL samples more accurately.  For this purpose, the X-ray µCT/nCT methods were 
well understood and fundamental parameters of X-ray for optimum image conditions were 
recognized.  The X-ray energy for µCT and nCT was set to be 50 kV/100 µA and 25 
kV/200 µA respectively.  Also, it was revealed that how the key parameters can be 
calculated through X-ray µCT/nCT images.  Parameters including porosity, pore size 
distribution, characteristic lengths, mean pore radius and degree of anisotropy were 
explained and calculated.  Effective diffusion coefficient, Knudsen diffusion, tortuousity 
and permeability were analytically calculated based on the parameters obtained from the 
3D images. LB modelling to calculate permeability and tortuousity was also explained.  
It has been proven that when a study is carried out using X-ray µCT/nCT data for porous 
non-woven GDL, the key structural parameters are affected by small variations in 
threshold. It is found that a variation of more than 5% in threshold makes a significant 
visual difference to the resultant binary images. While a variation of less than 5% is 
difficult to be recognized visually, it can have a significant effect on the overall structural 
properties of 3D binary image.  Therefore, having some easily measurable references will 
greatly assist in finely tuning the threshold for the 3D binary representative image.  
Reference values were considered to be porosity and average fibre diameter which can be 
achieved from density experiments and SEM images respectively.  Therefore, between the 
thresholded images, the optimal threshold was chosen in which the porosity and average 
fibre diameter of the resultant digital model are closest to the reference values. 
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For the woven GDL, a small range of 5% in threshold variation shows an influence of 
about 10% in fibres size. In order to overcome such modelling problems two parameters 
have been identified:  (i) average fibre diameter and;  (ii) continuity of the fibres.  A high 
resolution binary SEM image of a particular feature was used to compare the average fibre 
diameter and continuity.  Then by using the 3D reconstructed surface from µCT and 
comparing the continuity and average fibre diameter with the SEM image, finely tuned 
threshold value was found.  This method is relatively fast and more trustable, rather than 
the common visual threshold tuning or Otsu's algorithm without any pre-knowledge in the 
micro/nanostructure. 
In the following Chapter, a number of samples including woven, non-woven and 
compressed GDL samples are characterised and the threshold method is used wherever is 
applicable. 
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4 CHAPTER 4: X-RAY µCT/NCT FOR 
CHARACTERISATION OF UNCOMPRESSED AND 
COMPRESSED GDL 
4.1 INTRODUCTION 
X-ray µCT and nCT are applied to characterisation of a number of uncompressed and 
compressed GDL in this Chapter. In section 4.2, a brief review of previous work on GDL 
characterisation using X-ray tomography data and the effect of compression on the porous 
layer structure are presented.  Then in section 4.3, several woven and non-woven samples 
are imaged through X-ray µCT/nCT and their key parameters are obtained. Key parameters 
including porosity, average fibre diameter, pore size distribution, degree of anisotropy and 
tortuousity, are calculated directly from the 3D digital images.  Effective diffusion 
coefficient and permeability are analytically obtained. For permeability, LB simulation and 
analytical results are validated against experimental permeability tests. In section 4.4, the 
structural features of compressed GDL samples under different compressions are captured 
by using a novel technique. PDMS material is used to encapsulate the compressed porous 
structure and subsequently X-ray µCT is employed to reconstruct digital three dimensional 
models and the effect of compression on the structure of the porous material is revealed. 
Finally this Chapter is summarised in section 4.5.      
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4.2 A BRIEF REVIEW OF GDL CHARACTERISATION AND EFFECT OF 
COMPRESSION 
This section briefly explains previous work carried out for uncompressed GDL 
characterisation through tomography techniques. Then the effects of compression on the 
GDL are studied. 
4.2.1 GDL characterisation through X-ray µCT/nCT 
Recently, X-ray micro-tomography [146] has been used to quantify liquid water saturation 
in the GDL and in determining two-phase material parameters with 10 µm resolution. 
However, the results suggest that the technique requires much more development and 
better resolution for application to fuel cells [142].  
Fishman et al [169], applied the Tomadakis and Sotirchos transport model to 
heterogeneous porosity distributions obtained from GDL tomography images with a 
resolution of 2.4 µm. The corresponding distribution of tortuousity, diffusivity and single 
phase permeability were calculated. 
Pfrang et al [174], calculated the thermal conductivity of the GDL by solving the energy 
equation considering a pure conduction problem based on X-ray tomography data with 
resolution of 700-800 nm. Results shows there is a clear dependence of thermal 
conductivity on the porosity and the orientation of the fibres. 
Finally, X-ray nano-tomography with a spatial resolution of 700 nm has been successfully 
employed to determine the permeability and diffusivity of the GDL layer as a function of 
the saturation of the layer [70]. 
Along with the key information obtained from uncompressed GDL characterisation, it is 
crucial to characterise compressed GDL. In order to minimise reactant leaks from the edge 
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of a cell and to reduce the interfacial contact resistance between surfaces, it is necessary to 
compress a PEFC stack under high compressive loads.  The compression can change the 
compactness of carbon fibres in the GDL and can therefore affect the connectivity of 
pathways for gas transport.  Another purpose of this Chapter is to capture the physical 
effect of compression on the porous structure of GDL and to determine the impact on gas 
transport parameters. 
4.2.2 Effect of compression on GDL 
The effects of GDL compression on the performance of the PEFC have been investigated 
in the literature.  Lee et al, investigated the effect of bolt torque on cell performance for a 
range of commercially available GDL from 203 to 508 μm in thickness [175]. Their results 
showed that the internal pressure increased with GDL thickness for a given bolt torque.  
Cells configured with the thinnest GDL and thickest GDL experienced internal pressures 
between 1.6-2.1 MPa and between 8.4-9.7 MPa respectively.  
Ge et al, identified the existence of a threshold level of compression which results in 
optimal cell performance for woven and non-woven GDL [176].  Lin et al, used different 
gasket thicknesses to control compression and concluded similarly that a compression ratio 
of 59-64 % for two woven GDL of 320 μm and 460 μm thickness resulted in optimal cell 
performance [177]. Lee et al, investigated inhomogeneous compression across the footprint 
area of a single cell using a 500 μm thick GDL and measured average pressures of 13.2-
47.7 MPa [178].  
Chi et al, carried out a numerical investigation which calculated the effect of GDL 
compression ratios in the range of 36.0-60.5% on three dimensional temperature, saturation 
and oxygen distribution across the footprint of the GDL by accounting for its compressed 
porosity [179].  Their results concluded that high compression ratios could increase 
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saturation, reduce current densities and invoke greater temperature differences.  The study 
of Zhou et al, conducted a similar study based on the FEA and demonstrated that GDL 
compression can reduce contact resistance and hinder the transport of reactants and liquid 
water [180]. 
The ex-situ investigation of Bazylak et al, employed fluorescence microscopy to visualise 
the breakthrough of water fronts through to the surface of the compressed GDL [181].  
Their results suggest that highly compressed regions of the GDL will experience the most 
aggressive morphological change and result in a loss of hydrophobicity.  
Although the literature contributes an insight into the effect of compression on cell 
performance through in-situ performance characterisation, macro-homogeneous modelling 
or ex-situ visualisation, a basic understanding of the nature of the relationship between the 
compressed structure of the GDL and its transport properties has not been demonstrated to 
date; as characterising pore-level transport is formidable from an experimental point of 
view.  Therefore a novel approach is needed in order to truly understand the effect of 
compression on pore-scale structure and transport. 
The following sections provide detailed X-ray µCT/nCT characterisation of both 
uncompressed GDL and compressed GDL. 
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4.3 MICRO/NANO CHARACTERISATION OF UNCOMPRESSED GDL 
The following sections provide a detailed characterisation of a number of GDL through X-
ray µCT and nCT. 
4.3.1 Experimental 
Four non woven (FP_27_15, IP_46_38_80, IP_48_40_100, IP_48_40_160) and a woven 
GDL sample (SCCG_5N) were imaged using a SkyScan 1072 µCT, with a source voltage 
of 50 kV and a current of 100 µA without filtering of the X-rays. On average, 2 frames of 2 
sec exposure time were acquired at each 0.9° rotation step. This generated 207 shadow 
images (Figure 4.1a,b) with a voxel size of 1.95 µm for non woven samples and 1.76 µm 
for the woven material in around 50 minutes for each sample. 
Nano characterisation of another two woven (HP_28_35, HP_30_35) and a woven GDL 
(SCCG_5N) samples was carried out using SkyScan 2011, with a source voltage of 25 kV 
and a current of 200 µA without filtering of the X-rays.  On average, 2 frames of 2 sec 
exposure time were acquired at each 0.5° rotation step.  This generated 371 shadow images 
(Figure 4.1a,b) with a voxel size of 680 nm for the non woven samples and 970 nm for the 
woven material in around 45 minutes for each sample. 
It is noteworthy to say that the sample names refer to the date of manufacture and the 
chronological trial numbers in a sequence of events produced by TFP (Technical Fibre 
Products Ltd.) 
4.3.2 Image processing and key parameters calculations 
The shadow images were then processed using the modified Feldkamp filtered back 
projection method to reconstruct the 2D greyscale slices similar to Figure 4.1c,d as 
discussed in Chapter 3.  Then the slices were thresholded. The optimal threshold was 
Chapter 4                                     X-ray µCT/nCT for characterisation of uncompressed and compressed GDL 
79 
chosen in which the porosity, average fibre diameter and continuity of the resultant digital 
model are most close to the references. References including average fibre diameter, 
porosity and continuity in the material were obtained from SEM images of the surface of 
the GDL and manufacturer data as summarised in Table 4.1. 
 
Figure 4.1. X-ray tomography images of GDL samples; (a) Shadow x-ray 
tomography image of carbon paper sample; (b) Shadow x-ray tomography image of 
carbon cloth sample; (c) A reconstructed 2D slice image of the carbon paper using 
CTAN software; (d) A reconstructed 2D slice image of the carbon cloth. 
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Table 4.1. Average fibre diameter of the GDL thresholded samples, reference value of fibre 
diameter based on SEM images, porosity results from X-ray µCT and reference value of 
porosity for the non-woven GDL carbon papers. The sample names refer to the date of 
manufacture and the chronological trial numbers in a sequence of events produced by TFP 
(Technical Fibre Products Ltd.) 
GDL code Tomography 
method 
Average fibre 
diameter (µm) 
Reference value of 
fibre diameter (µm) 
Porosity 
(%) 
Reference value 
of porosity (%) 
FP_27_15 X-ray µCT 7.9 7.90±0.05 82.3 82±1 
IP_46_38_80 X-ray µCT 8.8 9.00±0.05 89.4 90±1 
IP_48_40_100 X-ray µCT 6.8 6.70±0.05 84.2 84±1 
IP_48_40_160 X-ray µCT 7.2 7.00±0.05 76.0 75±1 
HP_28_35 X-ray nCT 7.3 7.10±0.05 83.4 85±1 
HP_30_35 X-ray nCT 7.1 7.00±0.05 84.9 84±1 
SCCG_5N X-ray µCT 8.2 7.80±0.1 82.1 N/A 
SCCG_5N X-ray nCT 8.7 7.80±0.1 81.8 N/A 
 
The 3D reconstructed image of each sample was carried out using CTAN software (please 
refer to Chapter 3) and the results are shown in Figure 4.2 and Figure 4.3. Pore size 
distribution is given in Figure 4.4 and Figure 4.5. Other parameters including porosity, 
mean pore radius, degree of anisotropy, centroid tracking tortuousity, effective diffusion 
coefficient, and Tomodakis-Sotirchos permeability are all summarised in Table 4.2. The 
tortuous path of centroid tracking of each sample is shown in Figure 4.6. 
Table 4.2. Key micro/nanostructural parameters of various GDL samples obtained directly 
from 3D digital images. The grey region represent the non-woven samples while the woven 
material parameters are given in the white region. 
                                    Sample code                   
Parameter 
IP_48 
40_160 
IP_48 
40_100 
FP  
27_15 
HP      
28_35 
HP 
30_35 
IP_46
38_80 
SCCG 5N 
µCT 
SCCG 5N 
nCT 
Porosity [%] 76.0 84.2 82.3 83.4 84.9 89.4 82.1 81.8 
Fibre diameter [µm] 7.2 6.8 7.9 7.3 7.1 8.8 8.2 8.7 
Pore average radius [µm] 22.5 20.3 34.5 15.6 18.6 41.5 20.13 17.01 
Degree of anisotropy 0.89 0.83 0.89 0.97 0.66 0.94 0.86 0.81 
Centroid tracking tortuousity 1.25 1.19 1.20 1.09 1.13 1.10 1.19 1.11 
Effective diffusion coefficient 0.608 0.707 0.65 0.785 0.74 0.81 0.69 0.69 
Tomadakis-Sotirchos permeability  
[×10
-6
 mm
2
] 
3.4 9.74 9.78 9.88 11.9 43.4 10.2 11.0 
LB air Permeability [×10
-6
 mm
2
] -- -- -- 2.1 -- -- 9.87 -- 
Air permeability test  [×10
-6
 mm
2
] 0.10 0.90 1.83 1.87 18.6 25.5 13.0 13.0 
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Figure 4.2. 3D reconstructed image of various non woven GDL samples with a 
voxel size of 1.95 µm for: a) GDL FP_27_15; b)IP_46_38_80; c)IP_48_40_115; 
d)IP_48_40_160 and voxel size of 1.76 µm for: e) woven SCCG_5N GDL sample. 
(a) (b) 
(c) (d) 
(e) 
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Figure 4.3. 3D reconstructed image of two non woven GDL samples with a voxel 
size of 680 nm; a) GDL HP_28_35; b) GDL HP_30_35 and; c) Reconstructed image 
of woven SCCG_5N sample with voxel size of 970 nm. 
(a) 
(b) 
(c) 
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Figure 4.4. 3D Pore size distribution of different uncompressed GDL samples; a) 
FP_27_15; b) IP_46_38_80; c) IP_48_40_100; and d)IP_48_40_160 
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Figure 4.5. 3D Pore size distribution of different uncompressed GDL samples; 
a)HP_28_35; b)IP_30_35; c)SCCG_5N based on X-ray µCT images; and 
d)SCCG_5N based on X-ray nCT images. 
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Figure 4.6. Tortuos path of the centroid tracking of GDL samples; a) FP_27_15; b) 
IP_46_38_80; c) IP_48_40_100; d)IP_48_40_160; e)HP_28_35; f)IP_30_35; 
g)SCCG_5N based on X-ray µCT; and h)SCCG_5N based on X-ray nCT. 
(a) (b) (d) (c) 
(e) (f) (h) (g) 
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The local effective diffusivity of a gas Deff is a function of the porosity and level of liquid 
water saturation in the GDL. Its value can be estimated using the Tomadakis and Sotirchos 
approach [50]: 
2)1(785.0)11.0(09.1 sBBgasDDeff  
(4.1) 
where the multiple of  Dgas on the right hand side  can be referred to as the Tomadakis-
Sotirchos effective diffusivity factor, KTS (KTS = 1.09 εB (εB-0.11)
0.785
(1-s)
2
). Figure 4.7 
shows the dependence of KTS on liquid saturation using the porosities of the GDL 
HP_28_35 of 84.9%. The gas diffusivities [26] of hydrogen, oxygen and water vapour can 
be determined as 114.0 mm
2
/s, 34.5 mm
2
/s and 30.3 mm
2
/s respectively. Therefore, with 
50% saturation, the effective diffusivity of the gases reduces to 20.0 mm
2
/s, 6.21 mm
2
/s 
and 5.45 mm
2
/s in GDL HP_28_35.  
 
Figure 4.7. Calculated Tomodakis Sotirchos effective diffusivity factor as a function 
of liquid saturation for the reconstructed models of GDL hp_28_33. GDL porosity is 
84.9%. 
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4.3.3 Discussion 
Permeability is the key parameter for comparisons.  The permeability obtained from the 
Tomadakis-Sotirchos approach predicts that IP_48_40_160 and IP_46_38_80 have the 
highest and the lowest permeability between the non-woven samples, as shown in the grey 
region of.  Although the absolute value obtained from analytical calculation cannot predict 
the real permeability closely, the trend in increasing in permeability from left to right in the 
grey region of Table 4.2 is agreed by both the analytical approach and the experimental.  
However, LB air permeability results show that the method estimates the permeability in 
non-woven materials much more accurately than analytical calculations. 
For the woven SCCG 5N sample, permeability from analytical calculations based on the 
X-ray nCT images is more accurate and closer to the experiment than that of X-ray µCT. 
This might be due to the higher resolution of the nCT images.  The LB method also 
accurately determines the permeability in the non-woven material based on SCCG 5N X-
ray µCT images. 
A detailed characterisation of an uncompressed GDL based on X-ray µCT/nCT images 
was provided. As discussed in section 4.2, it is necessary to compress a PEFC stack under 
high compressive loads. The purpose of the next section is to capture the effect of 
compression on the porous structure of a SCCG 5N woven GDL.  
4.4 COMPRESSED GDL CHARACTERISATION 
The specific objectives of this section are to apply a polymer-based curing technique to 
capture the compressed structure of a GDL under a range of compressive loads to 
characterise the effect on thickness, porosity, average pore size and pore size distribution. 
In this section, the sample preparation and X-ray µCT characterisation are discussed. 
Chapter 4                                     X-ray µCT/nCT for characterisation of uncompressed and compressed GDL 
88 
4.4.1 Compressed GDL X-ray µCT experimental 
The GDL sample is saturated with polydimethylsiloxane (PDMS) and then heat-treated 
while under compression to set it in its compressed state. PDMS is a silicone-based organic 
polymer which has a specific density of 1.03 at room temperature and cures to form a 
flexible elastomer [182]. As an encapsulant, it is inherently suitable for the purposes of the 
current work.  
The PDMS-saturated GDL is compressed with a given weight in an oven at 333 
o
K for 30 
minutes. Both sides of the sample are covered with protective thin aluminium sheets before 
being flat-pressed to ensure that the samples can be easily removed after curing. The 
weight is preselected in order to achieve a given uniform compression pressure which is 
representative of those experienced in operational fuel cell stacks.  
As the current study focuses on a range of compressive loads, a number of PDMS-set 
samples are generated for digital reconstruction. Figure 4.8 shows a flat-pressed 1×1 cm
2
 
GDL sample cured under a weight of 10 kg. 
 
Figure 4.8. Compressed woven GDL SCCG_5N sample [183]. 
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For the current study, a 3D model of the woven sample is generated by progressively 
rotating the sample through 0.9 degrees and taking one X-ray µCT image after each step 
rotation. To visualise the entire sample it is rotated around 180
o
 which results in 207 
shadow images. The X-ray imaging is carried out in a SkyScan 1072 system which 
contains an X-ray source of 50 kV at 100 μA. Images are acquired using a Hamamatsu X-
ray camera that has a 1024 by 1024 pixel size with a 12-bit depth with pixel size of 1.76 
μm. Then the shadow images are compiled into a stack of 2D greyscale slices using CTAN 
software.  
4.4.2 Image processing and 3D reconstruction 
In order to distinguish between fibrils, PDMS material and void space on the greyscale, a 
threshold process through the CTAN software based on Otsu's algorithm, is applied to a 
randomly chosen slice and then applied to the whole stack of slices.  The thresholded 2D 
images are subsequently compiled to generate a complete 3D digital model of the GDL.  
Figure 4.9a-e shows the digital structural models of the GDL samples acquired from a 
range of compressive pressures. Figure  4.10a-e reveals the binary 2D cross sections.  Also 
the thickness, porosity and average pore size are summarised in Table 4.3. PSD results are 
given in Figure 4.11. 
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              (a) 0.0 MPa 
 
         (b) 0.1 MPa 
 
              (c) 1.0 MPa 
 
(d) 10 MPa 
 
(e) 100 MPa 
 
   
Figure 4.9. 3D reconstructed structural models of the woven GDL under a range of 
compressions; (a) 0.0 MPa; (b) 0.1 MPa; (c) 1.0 MPa; (d) 10.0 MPa; (e) 100.0 MPa 
[183].  
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(a) 
 
 
 
(b) 
  
 
(c) 
 
(d) 
 
(e) 
 
 
  
Figure  4.10.  Binary cross section images of carbon cloth GDL to show the 
deformation of cross sections with compression pressure; (a) 0 MPa; (b) 0.1 MPa; 
(c)1 MPa; (d) 10 MPa; (e) 100 MPa [183].  
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Figure 4.11. Pore size distributions for the structural models of the carbon cloth 
GDL under a range of compressive loads; (a) 0.1 MPa; (b) 1 MPa (c) 10 MPa; (d) 
100 MPa. 
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Table 4.3. Key micro structural parameters of compressed woven SCCG_5N GDL samples 
obtained directly from 3D digital images. 
                                   Compression                   
Parameter 
0.0 MPa 0.1 MPa 1.0 MPa 10 MPa     100 MPa 
Sample thickness [µm] 370 172 168 160 147 
Pore average size [µm] 44 33 18 11 11 
Porosity [%] 76.0 66.0 53.0 40 45 
 
4.4.3 Discussion 
It is obvious from Table 4.3 that the thickness of the samples is decreased from 372 µm to 
147 µm (measured from tomography images) which confirms that the compression is well 
maintained during the imaging by the PDMS material.  There is a small change in the 
thickness from 0.1 MPa to 1 MPa compression which means that the structure can resist in 
this range of compression.  In fact the arrangement of fibrils is quite similar in Figure  
4.10b-c.  However, increasing the pressure up to 100 MPa changes the structure 
significantly and possibly breaks the fibrils and packed them together as shown in Figure  
4.10e. The fibrils arrangement is totally different compared to Figure  4.10a-d. 
Figure 4.11a-d shows that the peak pore size does not significantly change with 
compression and typically lies in the 10-14 µm band. Actually this band comprises 21% of 
the total pore volume at 0.1 MPa compression and increases to 67% with 100.0 MPa 
compression. Average pore sizes in Table 4.3 shows that the mean pore diameter decreases 
from 44 µm to 11 µm. 
Finally the porosity decreases from 76.0% to 40% for the corresponding compressions 
ranging from 0.0 MPa to 10 MPa but a 5% percent increase is seen for a higher 
compression of 100 MPa which could be due to the break and deformation of fibrils and a 
significant change of the structure when higher pressure is applied.  
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4.5 SUMMARY 
Detailed characterisation of a number of uncompressed GDL samples are given in Section 
4.3. Five nonwoven and a woven GDL were reconstructed through X-ray µCT with 1.95 
µm and 1.76 µm pixel sizes. Other woven and nonwoven samples were imaged using X-
ray nCT with 970 nm and 680 nm pixel sizes respectively.  
Greyscale images of both µCT and nCT were finely thresholded through the technique 
explained in Chapter 3. Then the 3D reconstruction of the samples was given.  Based on 
the 3D model, then the porous material key micro/nanostructural information including 
porosity, pore size distribution, average fibre size, average pore size, centroid tracking 
tortuousity, degree of anisotropy, effective diffusivity and permeability were obtained. 
Permeability was measured through an air permeability tester for all samples. The 
permeability obtained from an analytical approach and LB simulation were compared to 
the experiments. It shows that the analytical method predicts the highest and lowest 
permeability of the samples similar to the air permeability tester results although the 
analytical values have more than 50% error in most cases. However, permeability obtained 
from the LB simulation showed minimal error.  
The local effective diffusivities of a nonwoven GDL were calculated through Tomadakis-
Sotirchos approach based on porosity and liquid water saturation. It shows that local 
effective diffusivities of different gasses are decreased since diffusivity factor is decreased. 
Characterisation of compressed woven GDL samples was presented.  It has been 
demonstrated that the image processing technique developed for the current work can 
capture the 3D compressed microstructure of a woven  GDL over the range of 0 – 100 
MPa.  The sample is immersed with PDMS and pressed under compression to capture its 
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compressed fibre structure. Then  3D X-ray tomography, image thresholding and digital 
reconstruction were applied respectively and resulted in a 3D digital model of the 
compressed GDL structure. The results demonstrate that this process has been successfully 
applied to a batch of carbon cloth GDL for five compression pressures representing the 0 – 
100 MPa range. 
Results also suggested that the thickness and porosity of the samples is generally decreased 
which confirms that the compression is maintained during the imaging by the PDMS 
material. There was a small change in the thickness from 0.1 MPa to 1 MPa compression 
which showed that the structure can resist in this range of compression. However, 
increasing the pressure up to 100 MPa changes the structure significantly and possibly 
breaks the fibrils and packs them together.   
Finally, average pore sizes showed that the mean pore diameter decreases simultaneously 
from 44 µm to 11 µm. However, the peak pore size does not significantly change with 
compression and typically lies in the 10-14 µm band. 
The characterisation of uncompressed GDL and compressed GDL were presented in this 
Chapter.  However, the X-ray µCT/nCT resolution is not high enough to capture the 
detailed geometry of the MPL and CL. The following two Chapters are dedicated to SEM 
stereo imaging for FIB milling characterisation and FIB/SEM nanotomography of MPL 
and CL.  
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5 CHAPTER 5: FIB MILLING CHARACTERISATION AND 
SEM STEREO IMAGING TECHNIQUE 
5.1 INTRODUCTION 
FIB based nanotomography provides the possibility to visualise even smaller porous 
features with higher resolution. The FIB nanotomography involves milling away thin 
sections. The required time for milling off the thin sections is related to the milling rate of 
the material. The milling rate of porous MPL and CL are not known and cannot be easily 
calculated through common theories and simulations.  On the other hand, current 
experimental methods are either time consuming or inaccurate.  This Chapter presents the 
application of a SEM stereo imaging technique to reconstruct the surface of the samples to 
obtain the volume of the removed material.   The volume is then used to calculate the 
milling rate.  On this basis, the FIB technique is developed and explained in the next 
Chapter.  This Chapter starts with a brief description of the FIB milling yield of a material 
and ion-matter interaction in section 5.2.  The SEM stereo imaging for 3D reconstruction 
of the surface is then explained in section 5.3.  For validation, the technique is then applied 
to characterise the milling yield of a number of common metals and silicon.  The results 
are compared to the previous research in section 5.4.  In section 5.5, the validated 
technique is used to characterise the FIB milling of MPL and CL.  In section 5.6, the SEM 
stereo imaging technique is extended to characterise the surface of urinary catheters, 
micropipette tip and diatomaceous frustules.  Finally, section 5.7 summarises this Chapter. 
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5.2 FIB MILLING/SPUTTERING YIELD AND ION-MATTER INTERACTION 
FIB patterning is applied for three dimensional milling or deposition at micro and nano 
scale. Focused ions incident on a solid collide with constituent atoms and remove them 
from the substrate surface.  The average number of atoms removed from a solid surface per 
incident particle is defined as sputtering yield (Y).  The sputtering yield depends on 
various parameters: incident ion (energy, mass, ion dose rate, angle of incidence and 
clustering), incident material (masses and atomic fractions, crystal orientation, surface 
bonding energy, conductivity and surface curvature) etc.  For normally incident ions the 
threshold energy is 20-40 eV and the yield generally increases with ion energy having a 
wide energy region of 5-50 keV [184],[185]. 
According to the linear collision cascade theory developed by Sigmund, the sputtering 
yield can be calculated by the following equation: 
ion
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(5.1) 
Where Us , Sn are the surface potential and the reduced nuclear cross section and M is the 
molecular weight.  
This theory cannot predict the yield of heavy targets. It describes closely the mass and 
binding effects at the incident energy higher than 1 keV but fails to deal with the density 
effect [186]. 
On the other side, various codes have been reported on the basis of the linear collision 
cascade theory for crystaline targets and called "static" Monte Carlo codes such as 
MARLOWE, COSIPO, ACOCT, crystal TRIM and for amorphous targets such as TRIM, 
ACAT, SASAMAL and "dynamic" codes like TRIDYN, ACTA-DIFFUSE, dynamic 
SASMAL and etc.  These simulations have good predictions but still there are several 
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factors which influence the sputtering yield, such as different binding energies of different 
atoms, segregation of elements at the surface and diffusion in the implanted layers of the 
solid [187],[188]. 
There are mainly three non-linear parameters which affect the sputtering volume: the first 
one is the angle of incidence.  The sputter yield increases monotonically with up to a 
maximum of near 60-80
o
.  A dependence of the angle of incidence is expected by 
Y(φ)/Y(0)=1/cosβ(φ), where φ is measured from the surface normal.  The second effect is 
re-deposition which is very dependent on the milling strategy.  It has a negative effect on 
the yield as far as some particles will be milled more than once.  The last parameter is ion 
channelling which occurs in the crystalline materials where ions can penetrate deep into 
low index directions that affect the sputtering yield [184],[186],[189]. 
For practical reasons the yield can be expressed as μm3/nC [volume per nano Coulomb].  
The relationship between atomic sputter efficiency and the unit is calculated by: 
96
/
/3
MY
Y ionatom
nCm  
(5.2) 
Where M is molecular weight and ρ is the density of the target material in g/cm3 [190]. 
If the ion beam current and the milling time are known then the applied dose (nC) could be 
easily obtained. Then the actual depth of the milled hole is required to calculate the volume 
of removed material (μm3). Milling time and beam current are easy to record and adjust but 
the actual volume or height of the milled hole is a difficult task. Here, a method to reveal 
the 3D structure of the hole is presented.  
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5.3 SEM STEREO IMAGING TECHNIQUE  
This method is based on the computing 3D points from 2D matched points into two 
images, one tilted with respect to the other.  These images are taken by SEM with a normal 
tilting angle between 5
o
 to 10
o
.  
Recently, it has been successfully employed for surface characterization of surfaces 
[191][192][193].  Figure 2 shows the effect of tilt angle (α) on the coordinates of point P1, 
projected on to the XY plane; P2 is the corresponding point in the tilted image. In this 
figure, X lies in the plane of the untilted image, Y is perpendicular to X and Z lies in the 
direction of the electron beam. 
 
Figure 5.1. Stereo images of an object before (black) and after (red) tilting. Tilting 
about O transforms P1 to P2. 
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The Z-coordinate of P1 can be calculated from [191][192]: 
sin
)cos1(1
sin
21 XXXZ  (5.3) 
This process can be done for all of the other points of both images and finds the shape of 
the structure. 
In order to get the best performance of the method, reduce the image noises and obtain the 
maximum volume of 3D reconstruction, several parameters should be considered as below 
[192],[193],[194],[195]: 
 The reconstructed feature should be visible and perfectly show sharp edges even at high 
magnifications. 
 The images should be "eucentrically" tilted about one axis which means that a particular 
feature should be seen at the centre of both stereo pair images.  
 A large height change in relation to the image diagonal provides better results; the 
minimum ratio of height to diagonal is 1:70.  This issue depends on tilting angle.  The 
higher the tilt angle, the higher the change in the height, but by increasing the tilt angle, 
this  can bring surface regions out of volume. Thus, there is always a trade off. 
 The structures should only have a transition in X direction and not any transition in Y 
axis. 
 The image pair should have contrast without blurring, the same scale, enough textures 
on the surface and the images should not have a recurrent structure. 
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In other words, the main parameters are tilting angle and proper magnification to 
reconstruct a texture correctly.  In this case the image reconstruction error will be less than 
3-5% [194],[195]. 
5.4 CHARACTERISATION OF FIB MILLING YIELD OF METALS 
Materials such as copper, aluminium, steel, nickel, nickel alumina and silicon are 
commonly used in the electronic industry and micro system devices, hence it will help plan 
the FIB processes on these materials if the sputtering yields are identified accurately 
beforehand.  This section reports the experimental work on finding the FIB 
milling/sputtering yields on these common materials based on the stereo imaging 
technique.  Then the results are compared to simulations and analytical calculation from 
other research for validation. 
5.4.1 Experimental 
Experiments were carried out on a FEI dual beam FIB (Strata DB235) with a full 
motorized stage at "eucentric" height.  Samples of copper, aluminium, steel, nickel, nickel 
aluminium alloy and silicon were milled with an area of 10×10 µm
2
.  The Ga
+
 30 kV ion 
current adopted was 1 nano amp for silicon and pure aluminium, and 5 nano amps for other 
samples.  The area was milled for 250 seconds. 
Figure 5.2 shows a pair of stereo images of the milled area on copper.  The images were 
taken with ±10
o
 angles respectively.  In order to optimize the magnification and tilting 
angle, the magnification increased till the whole image remains to the field of view.  Then 
the motorized stage is tilted for 45
o
 and the height of the left corner of the milled structure 
is measured.  This value divided by 0.707 (sin 45
o
)  gives the height of the feature.  This 
reference value will be used later for tilt angle optimization. 
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The milled patterns are scanned at 15,000 magnification with a stereo pair angle ranging 
from 5-10 with intervals of 1
o
. The height of the reconstructed left corner using Mex 
software (MeXTM, Graz, Austria: Alicona Imaging GmbH.) was compared to the 
reference value. The results show that tilting angle of 10
o
 gives close value to the 
reference. Also the minimum ratio of height to diagonal (1:70) was happened at the angles 
more than 8
o
 for the copper sample.  
In order to have relative height change in all sides of the milled square in the stereo pair 
images, the stage is rotated for 45
o
 otherwise two parallel sides of the square wouldn't have 
any relative height change in the stereo pair images. 
The ion channelling effect is clear in both images.  The 3D surface structure can be 
calculated based on the two SEM images by finding the height of every point afterwards.  
Commercial software Mex (Alicona) is used for the calculation. Figure 5.3 shows the 3D 
reconstructed image of the milled part of the copper. 
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Figure 5.2. Copper milled area with tilting angle of -10
o 
; b) Copper milled area with 
tilting angle of 10
o
. Although information in the dark areas is not visible, the 
software can still work with these, because they are still above the minimum gray 
level of zero. 
 
Figure 5.3. 3D reconstructed image of milled area on Copper. 
(a) (b) 
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5.4.2 Results 
The removed volume underneath the level surface (μm3) per dose (nC) is calculated for all 
of the samples and reported as an average value.  Polycrystalline materials such as copper 
and aluminium show fluctuating milled surfaces as within those materials matrices there 
are many small crystallites with their own orientation.  These grains will induce local 
channelling and will therefore affect the local milling speed.  The average is a good 
indication of the actual yield because the values are taken over several grains in 
polycrystalline samples.  The results of the investigation on various materials are 
summarized in Table 5.1.  Comparison between the experimental results, the theoretical 
SRIM simulation results and previously reported results are conducted.  In [190] the 
researchers deposited platinum on the milled surface and milled the structure again in order 
to make a cross section of the first milled square.  Due to the high contrast difference 
between the material and platinum they measure the height of the first milled area by 
averaging over some 40 selected points.  This process has been done several times and has 
taken several hours. 
Table 5.1. Comparison between different methods of average volume per dose for the bulk 
of metals and silicon. 
Material 
 
Average Vol. per dose (μm3/nC) 
Stereo Imaging Simulation [196] Other works 
Pure Al 0.28 0.44 0.29 [190] 
Pure Cu 0.25 0.36 0.25 [185] 
Pure Ni 0.11 0.10 0.14 [185] 
Steel-316L 0.19 - - 
Ni-Alumina 0.18 0.15 - 
Si 0.25 0.35 0.24 [190] 
 
Sputtering yield is not well developed theoretically regarding some non linear effects such 
as the re-deposition effect.  Also experiments done with the FIB are scarce and in the 
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research works the measurement is time consuming.  Using stereo pair images, then it is 
possible to reconstruct the milled area and calculate directly the removed volume and then 
the milling yield -without any further platinum deposition and cross section milling- this 
method is accurate compared with the other methods.  The results prove that the new 
approach is accurate.  Therefore the method is applied for FIB milling characterisation of 
the MPL and CL. 
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5.5 FIB MILLING CHARACTERISATION OF MPL AND CL 
Similar to the experiments explained in section 5.4, the FEI dual beam was used to mill 
three samples with a low current ion beam. The SEM stereo imaging technique was 
employed to obtained the volume of the milled area.  
Due to the soft nature of the layers, low current ion milling is required.  There are only four 
low current standard settings available with the FIB STRATA 235 dual beam:  1, 10, 30 
and 50 pA. The first two options are not practical for these samples as they do not provide 
clear ion images because the energy of ions is low and focusing on the sample is extremely 
difficult at low current ion beams [197].  Between 30 and 50 pA, the 30 pA was chosen 
since that clear focused images were obtained and the re-deposition effect would be lower 
than 50 pA. Samples of anode CL, cathode CL and MPL were milled with an area of 5×5 
µm
2
.  The Ga
+
 30 kV ion current adopted was 30 pA for all samples.  The area was milled 
for 180 seconds.  
Figure 5.6 show pairs of stereo images along with the 3D reconstruction of the milled area 
on anode CL, cathode CL and MPL. The images were taken with  ±10
o
 angles respectively 
similar to the experiment discussed in section 5.4. The removed volume underneath the 
level surface (μm3) per dose (nC) is calculated through reconstructed images for all of the 
samples and reported as an average value.  The yield of materials is 0.92 μm3/nC, 0.98 
μm3/nC and 1.02 μm3/nC for anode CL, cathode CL and MPL respectively.  
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Figure 5.4. Anode CL milled area with tilting angle of -10
o
; b) Milled area with 
tilting angle of 10
o
; c) 3D reconstructed image of milled area on anode CL. 
(a) (b) 
(c) 
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Figure 5.5. Cathode CL milled area with tilting angle of -10
o
; b) Milled area with 
tilting angle of +10
o
; c) 3D reconstructed image of milled area on cathode CL. 
(a) (b) 
(c) 
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Figure 5.6. MPL milled area with tilting angle of -10
o
; b) Milled area with tilting 
angle of 10
o
; c) 3D reconstructed image of milled area on MPL. 
(a) (b) 
(c) 
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The SEM stereo imaging method was successfully applied to reconstruct the surface 
features of various materials including metals, silicon and PEFC MPL/CL.  Since the 
method basically reveals the features of the surface, there is a possibility to measure the 
surface roughness of the samples.  
In the next sections other applications of the SEM stereo imaging technique on the 
characterisation of urinary catheters, micropipette tip and diatomaceous frustules are 
discussed. 
5.6 OTHER APPLICATIONS 
5.6.1 Surface roughness analysis of urinary catheters 
Conventional tactile surface roughness measurement accuracy is limited by the stylus tip 
dimensions since the stylus can only make a good contact in a valley wider than the tip 
diameter.  SEM stereo-imaging is used to reconstruct the surface features of a number of 
different catheters to validate tactile measurement results.  
Catheters are made of relatively soft materials e.g. silicone elastomers, latex and poly(vinyl 
chloride); latex catheters may be coated with a hydrogel, Teflon or silicone [198]. The 
Foley catheter is a tube that passes through the urethra to drain urine from the bladder; the 
proximal end has a domed tip, to aid insertion; below the tip, an eye passes through the 
wall to allow urine to drain through the tube [199].  
There are many reasons why the surface roughness of these catheters, and similar medical 
devices, may be important. For example, encrusting deposits tend to form on the catheter 
surface, initially on the outer surface of the proximal end (that is in the bladder), especially 
around the eye [200]. Imperfections in the catheter surface may then form nucleation sites 
for crystallization of the minerals that form the deposits [201]. Also, the inner wall of the 
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bladder may sometimes be sucked into the eye of the catheter [202], [203]; any sharp peaks 
may then lead to irritation or damage to the bladder. 
Measurement of the surface roughness of urinary catheters at two different scales was 
carried out: by scanning electron microscopy (SEM) stereo-imaging (examining a region 
of interest of length 100 µm-800 µm) and by conventional tactile methods (scanning 
lengths of about 5 mm).  The former method provides information of the surface features 
to validate the tactile measurement technique.  Figure 5.7 shows a catheter and its eyes 
with their dimensions. 
 
Figure 5.7. A 40 cm urinary catheter showing the eye and (b) an optical micrograph 
of the eye. The length of the eye (D1) is less than 4 mm. 
5.6.1.1 Tactile measurement 
In a conventional tactile measurement, a stylus is placed against the surface to be measured 
and its lateral and vertical movements are recorded while it scans the surface.  The stylus 
has a typical tip radius of a few micrometers and it scans a recommended length of 5 mm.  
The benefit of this method is that it scans a macroscopic length within a few minutes.  The 
scan length is important because the catheter and the bladder have a contact area of the 
order of square centimetres. 
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The resolution of the tactile measurement is limited by the tip diameter of the stylus, as it 
can only make effective contact, required for a reliable measurement, in a valley wider 
than its diameter.  It is believed that if the average surface roughness (Ra) [204] is less than 
stylus tip radius, the surface features should be verified with a higher resolution device e.g. 
Atomic Force Microscopy (AFM) or by using a smaller stylus tip for the tactile technique 
[205].  The disadvantage of using AFM is that the measurement area is very small, 
typically around 70×70 µm
2
, and the corresponding time for each scan is about 1-2 hours.  
Also AFM measurements could be difficult to apply on the curved surface of catheters 
since AFM samples are usually flat.  Using smaller (less than a micrometer) tips may also 
cause damage to the surface especially when soft materials are investigated [206]. 
5.6.1.2 SEM stereo imaging 
Here SEM stereo-imaging is used to validate tactile measurements.  As discussed in 
section 5.3, in order to get reliable results from this method, the image noise should be 
reduced and, to obtain the maximum volume of 3D reconstruction, three further factors 
should be considered.  Firstly, the reconstructed feature should be visible and show sharp 
edges. Secondly, the images should be "eucentrically" tilted.  Moreover, the length of any 
diagonal line connecting two opposite corners of the images should not be more than 70 
times larger than the height of the feature. 
5.6.1.3 Experiments and results 
As below three series of experiments were performed: 
i) Surface roughness measurement of different catheters was carried out using the tactile 
technique with a stylus radius of 2 µm over a 5 mm sample length with a recommended 
cut-off length of 800 µm through a Taylor-Hobson machine (Talysurf 120L, Leicester,UK: 
Taylor Hobson Ltd. ).  Two different stylus forces (0.5 mN &1 mN) were applied to ensure 
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that the pressure exerted by the stylus tip was not flattening surface features in the soft 
catheter material.  Results showed that Ra changed only 5% when the applied force was 
doubled.  Hence the effect of applied force on the surface is negligible.  Table 5.2a shows 
the values obtained for Ra. 
ii) For those catheters with an Ra less than 1 µm (Nos. 1,2,4,5,7,8,9,12 in Table 5.2) three 
samples of each catheter surface were examined by SEM stereo-imaging and the surface 
features investigated for validation (Figure 5.8).   
To satisfy the conditions stated in section 5.6.1.2, the samples were coated with a thin layer 
of gold (~5 nm thick) to make the surface of the catheter conductive in order to facilitate 
electron imaging and to enhance the image sharpness. The centre point of the image was 
marked on the SEM screen, and the sample was then tilted until the marked point was 
positioned on the edge of the image. The position of the specimen was then adjusted so 
that the marked point was at the centre point of the image again. The process was repeated 
until the specimen was tilted to the desired angle of 8
o
 to the horizontal ("eucentric" 
tilting). Finally, a magnification was chosen such that the length of any diagonal line 
connecting two opposite corners of the image would be 70 times larger than the height of 
the feature to be analysed.   
Figure 5.8 show a pair of SEM stereo images of the catheter surfaces taken with an SEM 
(JEOL-7000, Tokyo, Japan: JEOL Ltd.) at an operating voltage of 15 kV.  Figure 5.9a 
shows the reconstructed surface using the commercial MeX software package.  
iii) The surfaces of the catheter eyes were also reconstructed using SEM stereo-imaging. 
Two samples were investigated for each of the twelve types of catheter.  The cut-off length 
was selected as 40 μm over a reconstructed area of 200×200 µm2 [194]. The average values 
of Ra are reported in Table 5.2b. 
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Table 5.2. Average roughness of catheters using both methods. a) Catheter surface Ra 
values from tactile measurements; b) Eye surface Ra values from SEM stereo-imaging.  
   Table 5.2a)  
Number Ra (μm) Number Ra (μm) 
Cath. 1 0.29 Cath. 7 0.07 
Cath. 2 0.87 Cath. 8 0.16 
Cath. 3 5.09 Cath. 9 0.08 
Cath. 4 0.11 Cath. 10 1.12 
Cath. 5 0.21 Cath. 11 1.34 
Cath. 6 1.03 Cath. 12 0.16 
 
   Table 5.2b) 
Number Ra (μm) Number Ra (μm) 
Cath. 1 0.37 Cath. 7 0.34 
Cath. 2 0.33 Cath. 8 0.37 
Cath. 3 0.28 Cath. 9 0.48 
Cath. 4 0.45 Cath. 10 0.29 
Cath. 5 0.53 Cath. 11 0.41 
Cath. 6 0.29 Cath. 12 0.43 
 
 
Figure 5.8. Pair of SEM stereo images of a catheter surface taken with tilt angle of 
8
o
. a) Left image; b) Right image. 
(a) (b) 
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Figure 5.9. 3D reconstruction of catheter surfaces with Ra less than 1.00 m. (a) 
Catheter No. 2 with 0.10 m < Ra < 1.00 m; features are wider than 5 m. (b) 
Catheter No.7 with 0.01 m < Ra < 0.10 m; features are narrower than 0.50 m. 
5.6.1.4 Discussion 
Table 5.2a shows that there are six catheters with 0.10 µm < Ra < 1.00 µm and two 
catheters (Nos. 7,9) with 0.01 µm < Ra < 0.10 µm, according to tactile measurements. 
Reconstructed features of the first group of catheters, obtained by SEM stereo-imaging, 
were similar to those in Figure 5.9a were generally wider than 5 µm and so detectable by 
the stylus tip in the tactile measurements. In contrast, the width of the valleys of the 
features of catheter 7, as shown in Figure 5.9b are less than 0.50 µm and consequently the 
stylus tip is not small enough to reliably characterise them. The Ra value of catheter 7 
obtained by SEM stereo-imaging over an area of 70×70 µm
2
 (with a cut-off length of 8 µm 
[205]) is 0.14 µm. Reconstructed features of catheter 9 were ~2 µm wide and so may be 
detectable by the stylus tip.  
It should be mentioned that, although SEM stereo-imaging of the catheters can provide 
useful information of the surface features, the investigated length is around 100 times less 
than the tactile measurement technique and the cut-off lengths are different.  On the other 
(a) (b) 
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hand, catheters and the bladder have a contact area of the order of square centimetres and 
need to be analyzed over a larger area that obtained by SEM images obtain. Therefore, 
reconstruction of surface features can only be used to ensure whether or not tactile 
measurement results are reliable. However, for those surfaces with small features which 
are not detectable by the stylus tip, the Ra results of the SEM stereo-imaging technique 
with the recommended cut-off length are reported.   
For the eyes, only the SEM stereo-imaging results are reported in Table 5.2b. All of the 
roughness values are less than 1.00 µm using cut-off length of 8 µm. 
In this section the fast non-contact method (SEM stereo-imaging) enabled the 
reconstruction of the features of those surfaces with a roughness of less than 1 µm.  The 
results suggested that if the surface roughness and stylus tip radius differ by an order 
magnitude, the results of the tactile measurement may not be reliable.  
In the next sections other applications of the SEM stereo imaging technique on the 
characterisation of micropipette tip and diatomaceous frustules are discussed. 
5.6.2 Investigation of micropipette tip roughness 
The patch clamp technique through a micro pipette was introduced by Neher and Sakmann 
[207]. The technique has been widely used for the study of cellular ion channels. In patch 
clamping, suction is applied to one end of the glass micropipette while the other end, the 
pipette tip, is in contact with the surface of the cell in order to form a very high resistance 
seal which could reach giga-ohm in resistance.  The seal in patch clamping allows 
recording currents through single ion channels with minimum leakage and high signal-to-
noise ratio [208],[209],[210].  The critical factors in giga-seal formation include: 
cleanliness of both the pipette and the plasma membrane [208],[210],[211], tip geometry, 
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i.e. roundness, surface roughness of the site in contact with the cells [209],[212],[213], tip 
size [214],[215] and hydrophilicity of the patch sites [215],[216].  Out of these factors, the 
roundness and roughness are related to the geometry of the tip and no value has been 
reported so far to the best knowledge of the author.  The roundness measurement through 
FIB/SEM nanotomography will be discussed in the next Chapter.   The surface roughness 
is measured through SEM stereo imaging. 
The glass micropipette was made of borosilicate glass pipes with an outer diameter of 1500 
µm and inner diameter of 860 µm (BF150-86-10 Sutter Instrument). The pipe was heated 
and pulled with a flaming/brown micropipette puller machine (Sutter Instrument Model P-
97) to produce micropipette with the tip size of approximately 1.5 µm.  The 3D 
reconstruction was carried out through SEM stereo imaging with the tilting angle of 9
o
 by 
means of FIB SEM STRATA 235 dual beam.  At this angle both images are well focused 
with sharp edges as shown in Figure 5.10. The 3D surface profile of the pipette as shown 
in Figure 5.11, was obtained by the processing the SEM images using Mex software. 
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Figure 5.10. Stereo images of the pipette tip for 3D reconstruction; a) Left image  
and; b) Right image. 
 
Figure 5.11. Reconstructed surface of the pipette tip shown with different viewing 
angles, (a) top view and (b) isometric view [217]. 
 
 
 
 
(a) (b) 
(a) (b) 
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It is revealed that the pipette tip was not only rough, but also wavy and inclined in its form. 
The surface parameters captured by the SEM stereo imaging are given in Table 5.3. 
Table 5.3. Surface parameters of the pipette tip. 
Parameter Value Description 
Sa 27.2 nm Average height  
Sq 34.8 nm Root Mean Square height 
Sp 104.5 nm Maximum peak 
Sy 150.5 nm Maximum valley depth 
 
The uneven surface of the pipette tip was corrected by cutting the top of the pipette across 
using a FEI dual beam focused ion beam system. Details of the surface polishing can be 
found elsewhere [217]. 
Another application on surface characterisation of diatomaceous is explained in the next 
section. 
5.6.3 Surface reconstruction of diatomaceous frustules 
Diatoms are single-celled photosynthetic microorganisms.  They can make most effective 
use of solar energy and convert it into energy-rich compounds [218].  The efficiency in 
photosynthesis is due to their complicated geometries and the patterns of their silica-based 
cell walls.  It was found that diatomaceous cells devices can collect and control light 
efficiently [219].  They are created with three dimensional precision of tens of nanometers 
in a hierarchical manner and with multifunctional properties [220]. 
There are approximately 105 different diatom species with different architectures which 
are enlightening for optical, mechanical, transport properties, photonics, molecular 
separation, chemo- and biosensing, micro- and nanofluidics, and drug delivery 
[221],[222],[223],[224],[225],[226].  
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With the growing interest in this field, surface characterisation of diatoms has become  
key. However, the detailed morphological parameters, which may have profound 
significance both in theory and in applications are scarce.  Coscinodiscus lineatus, one of 
the species of diatoms and a representative of diatoms with central symmetry, is of interest 
in this study. 
For diatomaceous frustules’ sample preparation, 2 × 2 cm2 silicon substrates cut from 
single side polished silicon wafers were used. The substrates were first cleaned using 
ultrasonic cleaner in isopropyl alcohol for a period of 10 min to remove dust and rinsed in 
running deionised water for 1 min. Then, a suspension of diatom frustules was dropped 
onto the silicon substrate surface by means of a micropipette.  The sample was ready for 
imaging 2 hours later. 
To meet the requirements for proper imaging stated in section 5.3, a 5-nm-thick gold film 
was deposited on the sample surface using a sputtering evaporation system to increase the 
conductivity of the sample surface and enhance the image sharpness. Two sharp and high-
resolution images of the sample were taken at tilt angles of −5o and 5° by a dual beam 
system (Strata DB 235, FEI) at "eucentric" height with the beam energy of 30 keV as 
shown in Figure 5.12. Although higher titling angles may have resulted in a more accurate 
3D reconstruction, experiments were associated with out-of-focus images for this 
particular sample because the height of the diatomaceous frustules is relatively high as 
illustrated in Figure 5.13. Again, the 3D rendering was performed using the MeX software 
package.  
Volume and area are two key parameters for geometry, which can be obtained based on the 
3D structure [227].  Its surface area and volume are 468.86 µm
2
 are 483.94 µm
3
.   
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Figure 5.12. Stereo images of the diatomaceous frustules for 3D reconstruction; (a) 
left and; (b) right. 
 
Figure 5.13. A 3D structure of diatomaceous frustules after reconstruction [227].  
The proposed approach used for diatoms allows using the SEM imaging technique and 
commercial software, thus it is a simple way since no complex processes are involved. 
(a) (b) 
Chapter 5                                                        FIB milling characterisation and SEM stereo imaging technique  
122 
The applications of SEM stereo imaging on various materials characterisation were 
discussed. The next section summarizes this Chapter. 
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5.7 SUMMARY 
In this Chapter the FIB milling yield of the MPL and CL were found through the SEM 
stereo imaging technique.  It was demonstrated that using stereo pair images, it is possible 
to reconstruct the milled area and calculate directly the removed volume (µm
3
).  By 
knowing the dose (nC) -which can be set by the FIB system- the sputtering yield (µm
3
/ nC) 
was worked out.  A big challenge in the measurement of the missed volume is the 
optimization of the tilting angle, which can be easily tuned by comparing a specified 
feature height and that of reconstruction.  This method is accurate and valid since the 
sputtering yield obtained from this technique was similar to the other researches as shown 
in Table 5.1.  The validated method then was used to characterise the MPL and CL.  The 
removed volume (µm
3
) per dose (nC) for MPL and CL samples is similar and is around 1 
µm
3
/nC.  
The SEM stereo imaging technique was then extended to characterise urinary catheters 
surface, micropipette tip and diatomaceous frustules. 
The technique was used to validate the results of conventional tactile measurements 
applied to twelve urinary catheters. It was used to reconstruct the surface features of 
different catheters to validate tactile measurement results. It was demonstrated that if the 
surface roughness and the stylus tip differ by one order of magnitude, the results of the 
tactile measurement may not be reliable.  
The surface roughness of a pipette tip is considered to have a great influence on the seal 
formation as it complicates the membrane spreading along the glass surface.  The surface 
of a typical pipette tip with the diameter of ~1.5 µm was reconstructed and the surface 
parameters were obtained. 
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Similarly the SEM stereo imaging technique was applied to characterise the surface of 
diatomaceous frustules.  Reconstructed 3D images were used to quantitatively evaluate the 
specimen.  Geometrical parameters including volume and area were obtained based on the 
3D data.  The method has potential application in theory and in experiments. 
After FIB milling characterisation of the MPL and CL, it is now possible to reconstruct the 
3D structure of the CL and MPL using FIB/SEM nanotomography.  In the next Chapter, 
the MPL and CL are reconstructed and key parameters are calculated. 
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6 CHAPTER 6: FIB/SEM NANOTOMOGRAPHY OF MPL 
AND CL 
6.1 INTRODUCTION 
Visualization and characterisation of nano scale porous MPL and CL are vital in using the 
materials in the most effective way, but the pore dimensions in nanoscales pose technical 
challenges to accurately find the key features of the materials.  This Chapter presents a 
FIB/SEM nanotomography approach to tackle the challenges by reconstructing 3D 
structures of the MPL and CL and characterising them.  The resolution of the FIB/SEM 
nanotomography is required to be less than 20 nm.  Such a high resolution imaging 
requires careful sample preparation.  In section 6.2, sample preparation steps including Pt 
layer deposition, rough milling, fiducial mark milling and polishing-imaging are discussed.   
Then in section 6.3, the experiment carried out for 3D reconstruction of the MPL with the 
pixel size of 8×8×16 nm is explained.  Key parameters including porosity, pore size 
distribution, permeability and tortuousity are predicted by analytical approaches and LB 
numerical modelling.  Next, CL characterisation is studied.  The CL porous structure 
characterisation requires sub 10 nm resolution images.  The process of 3D reconstruction 
of a CL with a pixel size of 5×5×10 nm is presented in section 6.4.  The LB method was 
applied to the nanotomography image to anticipate the permeability and flow tortuousity.  
In addition, FEA analysis is carried out for a throughout 2D cross-section of a CL with a 
pixel size of 1 nm to reveal the tortuous streamlines and calculation of effective diffusivity.  
In section 6.5, a number of CL samples are characterised and the porosity and average pore 
size were compared to that obtained by mercury porosimetry.  It is believed that the 
FIB/SEM nanotomography technique can be applied to a wider range of applications 
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beyond fuel cell components and porous materials. As an attempt, this technique was used 
to reconstruct a tip of a micropipette for patch clamping and the roundness of a 
micropipette tip with a tip diameter of 1.3 µm was investigated as described in section 6.6.  
Finally, this Chapter is summarized in section 6.7. 
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6.2 FIB/SEM NANOTOMOGRAPHY PRINCIPLES 
The process involved milling away a thin slice (10-20 nm) of the side-wall of a trench 
using FIB and recording an SEM image of the new surface, then repeatedly milling and 
imaging to produce a stack of SEM images as schematically shown in Figure 6.1.  The 
process involves 5 steps: (i) deposition of protective Pt layer; (ii) rough milling or pocket 
milling; (iii) milling or recognizing a fiducial mark; (iv) slice and view; (v) image 
alignment through fiducial mark; and (vi) image binarisation and 3D reconstruction. Next, 
each step is described briefly. 
 
Figure 6.1. FIB/SEM and sample configuration. After milling a cube and deposit a 
protective layer of Pt, few hundreds of SEM images of the MPL side walls were 
acquired repetitively after milling thin slices of 10-20 nm thickness each. The 
sectioning direction is perpendicular to FIB column.  
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6.2.1 Deposition of protective Pt layer 
The surface is usually coated by a few hundred nanometer-thick layer of platinum prior to 
side-wall milling in order to protect the soft surface from ion bombardment and to reduce 
the re-deposition effect caused by FIB-induced decomposition of the precursor gases.  The 
Pt layer also serves to suppress the curtain effect and avoid swelling effect [184],[228]. 
The gas assisted FIB induced deposition process can be summarised as follows: (i) 
Gaseous compound precursor (methylcyclopentadienyl trimethyl platinum C9H16Pt) is 
introduced through nozzles inserted close to the surface and adsorbs on the sample surface; 
(ii) The gas molecules adsorbed on the surface are decomposed into nonvolatile and 
volatile products by the incident ion beam; (iii) The nonvolatile products remain on the 
surface, producing deposition layers and the volatile components leave the surface [184].  
Important parameters for the Pt deposition are accelerating voltage, current, time and beam 
overlap parameter.  
 The voltage is always set to be the highest voltage, i.e. 30 keV in the FEI DB STRATA 
235, since the beam diameter decreases as the beam voltage increases.  The optimum 
resolution is directly related to the beam diameter and the smaller beam diameter would 
result in a higher resolution [197].  
 The beam scans the pattern from point to point. At each point, the ion beam converts the 
precursor gas to a deposited product then sputters material away until it passes to the next 
point. If the ion beam remains longer at the point the net deposition is less. Then net 
deposition is the deposition rate minus the sputter rate. The maximum growth rate occurs 
when the beam current into the pattern area is in the range of 2-6 pA/µm
2
. This results in 1 
µm  thickness in 1 min. Therefore, the current is recommended to be around 200-5400 pA 
for areas of 10 × 10 - 30 × 30 µm
2
 which are typically used in this work[197]. 
Chapter 6    FIB/SEM nanotomography of MPL and CL  
129 
 Deposition time could be easily worked out via deposition rate of Pt for a specific area. 
The deposition rate has been reported to be 0.5 µm
3
/nC [197].     
 At each pixel, the ion beam remains for a certain period of time, namely the dwell time, 
and produces a deposition.  Then the ion beam moves to the next pixel with a step size or 
beam overlap.  Different beam overlap schematically is shown in Figure 6.2. Examples of 
different beam overlap; (a) 50% overlap; (b) 0% overlap; and; (c) -50% overlap. 
 
 
Figure 6.2. Examples of different beam overlap; (a) 50% overlap; (b) 0% overlap; 
and; (c) -50% overlap. 
When the beam overlap is set up, the Gaussian beam profile need to be taken into account. 
Although the beam is digitally controlled, the Gaussian beam profile of the beam spot 
contributes an extra ion beam current in the space between beam spots.  In general, 
negative and positive overlaps are used for deposition and milling respectively.  
6.2.2 Rough milling of a pocket 
Milling a pocket is essential to create a smooth side wall for fine polishing.  A cube is 
milled through high ion-beam energy to create a pocket.  Similar to the Pt deposition, 
important parameters for the rough milling are voltage, current, milling time and beam 
overlap parameter. 
 As mentioned in section 6.2.1, the accelerating voltage should be as high as possible i.e. 
30 keV to achieve the optimum resolution. 
a b c 
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 The current needs to be high enough to remove a relatively large volume around 
10×10×10 µm
3
.  However, soft materials are very sensitive to ion bombardment, therefore 
ion beam with currents higher than 500 pA would damage the surface of the sample.  
Figure 6.3 shows that milling with 100 pA current has less effect compared to milling with 
500 pA of the CL surface sample.  
 Milling time can be worked out through the milling yield of the material as discussed in 
section 5.5.  
 Finally the beam overlap parameter is set to be a negative number i.e. -50% to achieve 
smoother surface 
 
Figure 6.3. Effect of ion-beam current on milling CL surface; (a) ion beam milling 
with 100 pA current and; (b) ion beam milling with 500 pA current. 
6.2.3 Fiducial mark 
The fiducial mark is a reference mark which remains similar in all 2D SEM images.  The 
fiducial mark is necessary for SEM image fine alignment.  The fiducial mark can be 
created through milling a particular shape, as shown in Figure 6.1, on the sample surface or 
(a) (b) 
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could be a particular feature of the material which has not been affected by the milling-
image recording process.  The fiducial mark needs to be clearly visible in all images with 
sharp edges for fine alignment.  
6.2.4 Slice and view 
After milling a trench, imaging a polished sidewall of that trench and polishing off a thin 
layer of material, one can continue in the same fashion, and open up a third, a fourth, etc., 
surface, and doing so, create a series of slices through a volume.  Thin slices for soft 
materials can be removed from the side wall with low current ion beams of less than 50 
pA.  In addition to the voltage, current milling time and beam overlap parameters, 
thickness of slice need to be specifically taken into account.  Basically, the slice thickness 
is the third dimension of the reconstructed volume and therefore is a key to defining the 
resolution of the 3D image.  
Slice thickness and magnification are mainly controlled by the size of the pores/features.  
Ideally the slice thickness and lateral image resolution are equal and are at least five times 
smaller than the smallest pore/feature.  In practice, lateral resolution and slice thickness of 
approximately 10 nm and 5 nm can be obtained respectively [13],[184].  Slice thickness is 
mainly dependent upon the precision of the ion beam positioning and beam drift 
throughout the entire process. 
Although in principle there is no limit to the size of the volume that can be analyzed, 
practical limitations are enforced directly or indirectly by time constraints.  A typical and 
reasonably sized dataset consists of 100–500 slices the total time that is needed to acquire 
such a large amount of data is from a couple of hours to tens of hours.  
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6.2.5 Image alignment 
Through the fiducial mark, fine image alignment of the stack of SEM images is possible.  
One of the powerful alignment algorithms that is used in Adobe Photoshop CS3 
(http://www.adobe.com) is the Lucas-Kanade algorithm [229].  It assumes that the optical 
flow is locally constant close to the pixel under consideration, and solves the optical flow 
equations for all the pixels nearby.  With a matching feature, e.g. fiducial mark, the process 
becomes relatively easy.  Images with a matched object are shifted in both x-y directions 
until the matched object of all the images is seen exactly in the same position.  Figure 6.4 
shows two sets of images.  Figure 6.4a,b are the first and tenth slices of an MPL sample 
recorded by SEM after the polishing-recording process.  The fiducial mark is the left side 
of the yellow line which has not been affected by the milling.  The length of the yellow 
arrows in both images is not equal which means that there is a slight movement during 
SEM imaging.  The problem is resolved by applying the alignment algorithm as shown in 
Figure 6.4c,d.  The red arrows length in both figures is equal after alignment. 
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Figure 6.4. Image alignment process through fiducial mark for MPL sample. The 
fiducial mark is the left side of the yellow line that has not been affected by the 
milling process; yellow arrows are not equal in length while after the alignment 
process images are matched through the fiducial mark and red arrows are equal in 
length (a) SEM image of the first slice; (b) SEM image of the milled surface after 
ten slices; (c) Processed image of the first slice after alignment; (d) Processed image 
of the tenth slice after alignment. 
The slice images are similar to the slices obtained from X-ray µCT/nCT images described 
in Chapter 3.  Through assembling the binarised 2D slices it is possible to reconstruct the 
3D object. 
6.2.6 Image stretching, binarisation and 3D reconstruction  
As shown in Figure 6.1, the imaging plane has a 52
o
 angle with respect to the SEM 
column.  To compensate this angle, slices need to be vertically stretched by a factor of 1.27 
(a) 
(b) 
(c) 
(d) 
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(sin
-1
 52).  For stretching an image with 'y' pixels in a vertical direction, a linear 
interpolation function can be used to generate a new image matrix with '1.27y' pixels.  A 
MATLAB code was developed for this purpose.  The stretched images are then binarised. 
Similar to the X-ray µCT/nCT grey scale slices, SEM images are grey scale.  For 
characterisation and quick reconstruction, images need to be binarised.  The Otsu's 
thresholding method described in section 3.4 is used in this work since the SEM images are 
of high resolution, sharp and high contrast.  The 3D reconstruction can be carried out 
through the double time cubes algorithm as the same as X-ray µCT/nCT 3D reconstruction 
described in section 3.2 via the CTAN software package.  
It should be mentioned that, if the thickness of slices are not equal to the lateral resolution, 
the lateral resolution should be an integer factor of slice thickness.  For instance, for SEM 
images with a lateral resolution of 8 nm, the slice thickness should be equal or close to 8 
nm, 16 nm, 24 nm and etc. However, as previously discussed, milling slices of less than 10 
nm thickness is not practical. Therefore, for lateral resolution of 8 nm then slice thickness 
of 16 nm is practical.  This resulted in a 3D image with a non-cubic voxel size of 8×8×16 
nm. This means that an interpolated slice is required to correct the voxel size to 8×8×8 nm. 
Since there is a small change between two slices therefore, the problem can be resolved by 
copying one of the slices nearby and adding it into the stack of images.  
This is the final step for characterisation. In the next section, 3D reconstruction of an MPL 
is explained. 
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6.3 3D RECONSTRUCTION OF MPL 
The sub-micron features of the MPL require visualisation with a sub-25 nm pixel size.  The 
FIB/SEM nanotomography experiment, 3D reconstruction and characterisation of an MPL 
sample are given in the following sections. 
6.3.1 Experimental 
A 10 µm thick developmental MPL was coated on GDL HP_30_35.  The MPL coating 
was applied by JMFC.  
For 3D reconstruction, a dual-beam FIB/SEM system (FEI Dual Beam Strata 235, FEI 
Company, US) has been used to obtain the 3D structure of a ~10 µm
3
 sample.  The process 
involved milling away a 16 nm slice of the side-wall of a trench using FIB and recording 
an SEM image of the new surface, then repeatedly milling and imaging to produce 100 
SEM images.  The surface (15 × 15 µm
2
) was coated by a 100 nm-thick layer of platinum 
with the Ga
+
 ion beam voltage of 30 kV and current of 500 pA  prior to side-wall milling 
in order to protect the soft surface from ion bombardment.  Each slice of the sample is 
milled-off with FIB Ga
+
 ion beam at 30 kV and 50 pA with a dwell time of 1 µsec.  A total 
thickness of ~1.5 µm was removed and SEM images of the slices with ~8 nm resolution 
were taken.  The edge of the milled side wall was used as a fiducial mark to align the 
images.  The 2D aligned images were then vertically stretched by a factor of 1.27, 
thresholded through Otsu algorithm and used to build a 3D binary image with 0 and 1 
representing pore and solid phases respectively.  The 3D reconstructions of the layer were 
carried out and the key properties determined similar to the GDL characterisation 
presented in Chapter 3 and Chapter 4. 
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6.3.2 Imaging results 
In Figure 6.5a, the pores on the side wall, the deposited platinum on the MPL surface and 
the fiducial mark are shown.  A 3D reconstruction of the MPL with pores (light grey) and 
solid phase (dark grey) are presented in Figure 6.5b.  The white lines show the connectivity 
and tortuous pore network in the porous media. 
 
Figure 6.5. a) Low magnification SEM image of the trench side wall polished 
through low current 50 pA ion beam. A 25 µm× 25 µm area with 100 nm thick of 
platinum was deposited on the surface. The fiducial mark is used for image 
alignment; b) a 1.5 µm×1.5 µm× 5 µm 3D reconstructed image of the MPL with 16 
nm× 8 nm×8 nm voxel size. Dark and light grey show solid and pore networks 
respectively. The tortuous white lines show how the pore network is interconnected 
[13]. 
 
(a) (b) 
A 
B 
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6.3.3  Key parameters: structural parameters, analytical approach and LB 
simulation 
With the digital representation of the 3D structure at hand, it is subsequently possible to 
determine the critical features of the assembly.  The local porosity value for the MPL 
attained from FIB/SEM nano-tomography 3D reconstruction was 39%.  The method for 
calculation of porosity is explained in detail in section 3.3. 
Similar to the GDL characterisation method given in section 4.3.2, the local effective 
diffusivity of a gas Deff is a function of the porosity and level of liquid water saturation in 
the MPL and can be estimated using the Tomadakis and Sotirchos equation [50]: 
2)1(785.0)11.0(09.1 sBBgasDDeff  
(6.1) 
where the multiple of Dgas on the right hand side is referred to as the Tomadakis-Sotirchos 
effective diffusivity factor, KTS (KTS = 1.09 εB (εB-0.11)
0.785
(1-s)
2
).  Figure 6.6 shows the 
dependence of KTS on liquid saturation using the porosities of 39%.  The gas diffusivities 
[26] of hydrogen, oxygen and water vapour can be determined as 114.0 mm
2
/s, 34.5 mm
2
/s 
and 30.3 mm
2
/s respectively.  With 50% saturation, therefore, the effective diffusivity of 
the gases reduces to 4.6 mm
2
/s, 1.4 mm
2
/s and 1.2 mm
2
/s in the MPL.  
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Figure 6.6. Calculated Tomodakis Sotirchos effective diffusivity factor as a function 
of liquid saturation for the reconstructed models of MPL. MPL porosity is 39%. 
For the MPL, the determination of permeability through controlled pressure measurement 
drop is formidable because of the thinness of the layer (10 µm).  The permeability can also 
be calculated using structural parameters obtained from the binary 3D model of a layer 
through the empirical Kozeny-Carman relation as expressed by equation (3.5).  The 
FIB/SEM nano-tomography reveals an average agglomerate diameter of ~165 nm for the 
MPL and assuming that the Kozeny constant kK is 5, the corresponding value of 
permeability can be calculated as 5.20×10
-11 
mm
2
 which is six order of magnitude lower 
than that of GDL HP_30_35 given in Table 4.2 (1.86×10
-5
 mm
2
). 
The capillary radius ,rC, is expressed by [26]: 
G
G
C
k
r 2  
(6.2) 
where kG and εG are the absolute gas permeability and gas phase porosity.  The calculated 
permeability along with the porosity data from FIB/SEM nano-tomography results in 
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capillary radii of 22 nm.  The corresponding value for GDL_HP_30_35 is 7.5 µm.  This 
means that the capillary pressure from equation (2.10) (PC∝1/rC) in the MPL is around 300 
times larger than GDL_HP_30_35 layer and may prevent any liquid from entering the 
MPL.  
The in-plane (or off-principle flow direction from A to B in Figure 6.5b) tortuousity of the 
sample can be calculated through pore centroid tracking as discussed in section 3.3.1.5. 
Results suggest an in-plane tortuousity of 1.46. The tortuous line is shown in Figure 6.7. 
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Figure 6.7. Tortuous path of the centroid tracking of MPL samples; A and B 
correspond to the centroid of the bottom and top surfaces A and B in Figure 6.5b. 
 
A 
B 
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The pore size distribution is as follows: 23% of the pores are less than 120 nm in diameter, 
52% are between 120 to 220 nm and 25% are more than 220 nm in diameter as shown in 
Figure 6.8.  The average size of the pore diameter was found as 137 nm.  It has been 
recently found [123] that porosity-graded MPL can result in improved electrode process of 
the fuel cell reaction in comparison with those with conventional homogeneous MPL, 
particularly at high current densities.  This may be caused by facilitating the transportation 
of water in the large pores and diffusion of gas through small pores. 
 
Figure 6.8. Pore size distribution in MPL based on FIB/SEM nanotomography 
Since that the average pore size in the MPL is larger than 100 nm, both Stefan-Maxwell 
diffusion and Knudsen diffusion can occur.  Effective diffusion coefficient εG/τG based on 
equation (3.3) can be calculated by porosity and tortuousity obtained from tomography 
images as 0.27.  According to equation (3.4), the Knudsen diffusion coefficient in the 
MPL, is a linear function of the mean pore radius.  Hence, the Knudsen diffusion 
coefficient of the MPL is calculated as 0.5 cm
2
/s.  
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The final part of this section focuses on the application of a numerical technique to further-
examine the structural properties of the layer and single-phase fluidic properties.  This was 
conducted through the application of the LB numerical solver, explained in section 3.3.2, 
to simulate single-phase flow through the porous network of the layer and calculate the 
permeability and tortuousity of the MPL.  
In this study, the lattice is taken directly as the binary 3D image of the MPL sample of 2.7 
µm
3
 and the simulation is carried out in the D3Q19 scheme which simulates 3D flow by 
considering 19 velocities originating from each point in the lattice.  The simulated 
permeability in the through-plane direction is determined as 5.44×10
-10
 mm
2
.  The 
simulated permeability in the off-principal in plane directions is calculated as 8.99×10
-12
 
mm
2
 and 2.70×10
-11
 mm
2
 resulting in an RMS off-principal value of 2.01×10
-11
 mm
2
.  The 
calculated through-plane permeability is one order of magnitude greater than that 
suggested by the Carman-Kozeny equation when the Kozeny constant is assumed to hold a 
value of 5.  The literature does not explicate an understanding of what value the Kozeny 
constant should hold for MPL materials.  However, the literature suggests that the Kozeny 
constant can depart from the commonly assigned value of 5 and decrease to less than unity 
as the interconnectivity and porous structure of the material becomes increasingly complex 
[228].  As such, the current study suggests that the exact figure of 5.44×10
-10
 mm
2
 as 
obtained from the through-plane LB simulation can be achieved from the Kozeny-Carman 
equation when the Kozeny constant is set equal to 0.48.  On a similar note, the LB 
calculations suggest that the permeability in the through-plane direction is one order of 
magnitude greater than the RMS value of the in-plane directions.  The results therefore 
suggest that the MPL is preferentially structured to allow flow to propagate in the through-
plane direction.  The LB results also show that the through-plane permeability is 5 orders 
of magnitude lower in the MPL than in the GDL HP_30_35 given in Table 4.2. 
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The LB simulation suggests that the tortuousity of the MPL in the principal flow direction 
is 1.36, and 1.53 and 1.60 in the two off-principal directions.  The results suggest that the 
toruousity is 13% less in the principal through-plane direction in comparison to the RMS 
tortuousity in the off-principal directions. Also the average off-principal tortuousity, 1.56, 
is only 7% larger than 1.46 obtained from centroid tracking analysis and therefore both are 
in good agreement.  
Figure 6.9 illustrates the flow paths in the principal through plane and the two off-principal 
directions through the MPL.  The difference in tortuousity can be confirmed by closely 
examining the linearity of the flow paths in Figure 6.9a compared to Figure 6.9b and 
Figure 6.9c. 
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Figure 6.9. Tortuous flow paths simulated by the single-phase D3Q19 LB numerical 
solver in three planes. Units are in pixel and each pixel is 8 nm. The green lines are 
the paths along which the gas diffuses. The background colour is the gas 
concentration which decreases from red to blue. Gas flows from the left to the right 
in each image and a) shows the principal flow direction; b) shows the first off-
principal direction; c) shows the second off-principal direction (This image has been 
produced by the University of Liverpool and Loughborough University) [13]. 
(a) 
(b) 
(c) 
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The current study demonstrates that the actual 3D structure of the fuel cell MPL can be 
captured through FIB/SEM nanotomography.  It has been successfully demonstrated that 
key structural data can be generated using the 3D model such as average fibre diameter and 
pore size distribution.  The effective diffusivity, absolute permeability and characteristic 
capillary radii have also been obtained from directly-measured data from the 3D model.  
The LB numerical solver is subsequently applied to simulate the permeability of the MPL.  
The simulated permeability of the MPL suggests that the Kozeny constant for this layer is 
less than unity.  The LB numerical solver is also applied to visualise the tortuousity of the 
flow paths through the MPL.  
Next, characterisation of porous CL is discussed. 
6.4 3D RECONSTRUCTION OF CL 
This section presents a study to obtain the nanostructural information of the catalyst layer 
with a sub 10 nm pixel size by using a dual beam focused-ion-beam scanning electron 
microscopy (FIB/SEM) nanotomography system.  FEA and numerical LB flow simulation 
are combined with the nanotomography images to anticipate the tortuousity and 
permeability of gases through the porous layer.  
6.4.1 Experimental 
A typical PEFC catalyst layer supplied by JMFC (Company code: catalyst layer V1 anode) 
consisting of carbon supported platinum and ionomer was used for this study with a 
platinum loading of 0.45 mg/cm
2
 (0.21 µm
3
/µm
2
) and a porosity of 40%. 
In the current study, the FIB/SEM nanotomography was used to obtain the 3D structure of 
four samples of PEFC-CL with a pixel size of sub-10 nm.  The process involves milling 
away a thin slice (10 nm) side wall of a trench using a FIB and recording an SEM image of 
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the new 2D surface.  The milling and imaging is then carried out repeatedly to produce a 
stack of SEM images.  The surface is initially coated by a 100 nm thick platinum layer in 
order to protect the soft surface from the ion bombardment and reduce the re-deposition 
effect using FIB-induced decomposition of precursor gases.  A cubic fiducial mark is then 
milled for image alignment.  Next, each slice of the sample is milled-off using a Ga
+
 ion 
beam at 30 kV and low current (30 pA) with a dwell time of 1 µsecond and overlap 
parameters of 50% via FEI DB Strata 235 system.  One hundred slices with a total 
thickness of 1 µm are removed and SEM images of the slices with a pixel size of  around 5 
nm are taken. Images then have been stretched by factor of 1.27 and binarised using Otsu's 
algorithm method.  3D reconstruction of the layer is carried out in order to study the key 
nano-structural and mass transport properties.  
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6.4.2 Imaging results 
Figure 6.1 shows the principle of the dual-beam FIB/SEM system and sample 
configuration.  In Figure 6.10, pores on the side wall, the platinum deposited on the 
catalyst layer surface and the fiducial mark are all clearly identifiable. The image is taken 
at 45
o
 tilt-angle. 
 
Figure 6.10. Low magnification SEM image of the trench side wall polished through 
low current 30 pA ion beam, Pt deposited area and milled cubic fiducial mark. 
A 3D reconstruction of the cathode CL with pores (blue), solid phase (transparent green) 
and the platinum deposits greater than 5 nm in diameter (red) is illustrated in Figure 6.11. 
The dark green lines show the connectivity and tortuous pore network in the porous 
medium.  
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Figure 6.11. A 3D reconstruction of a mesoporous CL. Each side of the cube is 1 
µm. This image has a 5×5×10 nm (X,Y,Z) pixel size. The blue colour, transparent 
green and red represent the pore phase, the solid phase and the platinum particles 
larger than 5 nm. 
6.4.3 Key parameters: structural parameters and analytical approach 
The digital images reconstructed in this study show that the porosity of the CL is 36%.  
The FIB nanotomography confirms a pore size distribution model peaking at 20, 40 and 60 
nm as shown in Figure 6.12.  In terms of distribution, 39% of the pores are in the range of 
20-60 nm and 45% are between 60-150 nm.  The reconstructed structure of the CL also 
reveals that the characteristic mean pore radii and the characteristic mean pore-pore lengths 
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are 55 nm to 78 nm respectively.  The mean aspect ratio (mean pore-pore length/mean pore 
radius) is found to be 1.41. 
 
Figure 6.12. Pore size distribution of a CL, acquired from the analysis of the digital 
model generated using the FIB/SEM nanotomography process. 
Using the structural information from the FIB/SEM nanotomography reconstruction, it is 
possible to elucidate certain transport mechanism and transport properties of the CL.  As 
discussed in Chapter 2, Knudsen diffusion is a mode of transport where the likelihood of 
molecular-wall interactions exceed that of inter-molecular interactions due to the restrictive 
diameter of the pore wall and can occur in systems where the mean pore diameter is of the 
order of 10 nm.  The characteristic mean pore diameter of 55 nm confirms that the 
Knudsen regime is dominant in CL structures.  The Knudsen diffusion coefficient can be 
calculated through equation (3.4).  As such, the Knudsen diffusion is calculated as 0.20 
cm
2
/s. 
Similar to the MPL characterisation explained in section 6.3.3, the in-plane tortuousity 
using centroid tracking has been obtained as 2.02.  
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6.4.4 Key parameters: LB simulation 
Similar to the MPL characterisation, simulation was conducted through the application of 
the LB numerical solver, explained in section 3.3.2, to simulate single-phase flow through 
the porous network of the layer and calculate the permeability and tortuousity of the CL.  
The numerical results of the lattice Boltzmann numerical flow simulation demonstrates 
that the absolute permeability of air in the through-plane direction of the CL is 7.26×10
-12
 
mm
2
.  The RMS permeability in the off-principle in-plane directions was calculated as 
3.66×10
-13
 mm
2
.  The respective RMS in-plane permeabilities are one order of magnitude 
less than the through-plane value, which indicates that the structure of the catalyst layer 
can enable transverse flow to occur even though the principle pressure gradient is applied 
in the through-plane direction.  Figure 6.13 depicts the dominant stream tubes along which 
the flow travels through the CL sample. 
The lattice Boltzmann simulation also indicates that the tortuousity of the porous network 
through flow direction would be 3.07.  The two off-principle flow direction tortuousity 
have been calculated as 2.23 and 2.41 and the average is 2.27.  The average tortuousity is 
in good agreement with centroid tracking tortuousity and there is only 9% difference 
between both methods.  
LB simulation was successfully combined with the 3D tomographic image of a CL.  Due to 
the tiny pore sizes of the catalyst layer, the largest volume that could be reconstructed was 
only around 1 µm
3
.  This gives only information about the very top surface of the catalyst 
layer.  In the next section a through 2D cross section of a CL is captured, binarised and 
meshed.  Then effective diffusivity and flow streamlines through the cross section are 
revealed via FEA analysis. 
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Figure 6.13. 3D representation of simulated stream tubes through the CL sample. 
Each side of the cube is ~1 µm with 200 pixels. The green lines are the paths along 
which the gas diffuses. The background colour is the gas concentration which 
decreases from red to blue. Gas flows from the left to the right (This image has been 
produced by the University of Liverpool and Loughbrough University). 
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6.4.5 Key parameters: 2D FE analysis 
The first step in the process is to get a through 2D image of a CL cross section.  The 
second step involves image binarisation and import the binarised image into FEA software.  
The third and final step is to reveal the streamlines within the porous media to calculate the 
tortuousity and effective diffusivity of the CL through the cross section. 
6.4.5.1 Sample preparation and image processing 
A thin CL provided by JMFC (Company code: catalyst layer V3 anode) with thickness of 
less than 3 µm was chosen.  Then similar to the sample preparation for FIB/SEM 
nanotomography presented in the previous section, the surface was coated with a 100 nm 
protective Pt layer.  Then a pocket was milled.  The side wall of the pocket was polished 
with 30 pA at 30 keV through Ga
+
 ions with the dwell time of 1 µsec as shown in Figure 
6.14.  
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Figure 6.14. Low magnification SEM image of the trench side wall polished through 
low current 30 pA ion beam, Pt deposited area and milled.  
From the top to the bottom of the CL, 3 images each with a 1 µm step, 1 nm pixel size at 
an imaging angle of 52
o 
were taken and assembled.  The image has been stretched by a 
factor of 1.27 to compensate the projection angle.  Results are shown in Figure 6.15 similar 
to Figure 2.7. 
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Figure 6.15. Assembled 3 SEM images of the polished side wall of throughout cross 
section of the CL. 
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The top surface was then cropped since it was coated by Pt which subsequently blocks 
surface pores.  The PEM at the bottom of the image was also removed.  The cropped 
images was then thresholded through Otsu algorithm, the results of which are shown in 
Figure 6.16. 
 
Figure 6.16. Binarised image of the cropped image of Figure 6.15. Pore network is 
shown in a white colour. 
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There are many closed pores that do not contribute to fluid flow transport from the top to 
the bottom of the CL sample.  The white pores in Figure 6.17 are closed while the grey 
region shows the largest interconnected pore allows the fluid to pass through the CL.   
Therefore, white region can be removed to facilitate FE analysis.   
 
Figure 6.17. Largest interconnected pore of Figure 6.16 is shown in grey. White 
pores are not connected to this network, therefore they do not participate in fluid 
flow from top to the bottom of the surface of the CL. 
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The image, i.e. the grey region, were imported to a CAD file using the image2cad software 
package (http://www.cadtool.net/image2cad.htm).  The CAD file is used for FE analysis. 
6.4.5.2 FE analysis 
The effective diffusivity Deff is a function of tortuousity τ, porosity ε, and diffusivity D,: 
DDeff  (6.3) 
As a first approximation it is assumed that the domain can be described through the 
diffusion equation (6.4).  
0)( cD
t
c
 
(6.4) 
where ε and c are the medium porosity and concentration.  
The equation was solved through COMSOL 3.4 (http://www.comsol.com/) convection and 
diffusion module with the following boundary conditions. 
A constant boundary condition c=co is set to the top surface of Figure 6.17 while for the 
bottom, the concentration can be written as: 
)( 1cckcD m  (6.5) 
where km and c1 are the mass transfer coefficient and concentration outside of the porous 
structure.  All other boundaries are insulated and defined as follows: 
0cD  (6.6) 
The initial condition is given by an exponential profile as below: 
2
)( Axoo ectc  
(6.7) 
where A is constant. 
Chapter 6    FIB/SEM nanotomography of MPL and CL  
158 
It is noteworthy that the streamline does not change with variation of co, km, D, and A.  The 
resultant tortuous streamline with A=1000, D=10
-5 
m
2
/s, km=1 m/s, co= 1 mol/m
3
 are 
shown in a red colour in Figure 6.18. 
 
Figure 6.18. Streamline plot from top surface of the catalyst layer to the bottom 
using COMSOL software package. 
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The streamline toruousity was then calculated based on the average length of the 
streamlines divided by the distance between the top and bottom of the CL layer shown in 
Figure 6.17. In this case the tortuousity was calculated as 1.52.  With the porosity of 40% 
and tortuousity of 1.52 then the ετ would be 0.25.  Using equation (6.3) the Deff is then 
equal to 2.5 ×10
-6
 m
2
/s.  
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6.5 MERCURY POROSIMETRY AND 3D RECONSTRUCTION OF A NUMBER OF 
CL 
Four samples provided by JMFC (Company codes: V1 anode, V4 anode, V4 cathode and 
V5 cathode) were characterised through FIB/SEM nanotomography.  3D reconstructed 
images and key parameters including porosity and average pore size were obtained.  In 
addition to FIB/SEM analysis, the porosity and average pore size were measured using 
mercury intrusion porosimetry (Autopore IV, Micromeritics Instruments). Mercury 
intrusion porosimetry measures the specific pore volume and pore sizes ranging from 3 nm 
to 300 µm.  The sample for measurement was prepared from the membrane with the 
catalyst layer on it.  A 1×1 cm
2
 of each sample was characterised through the mercury 
porosimetry by the JMFC established in-house method.  
Similar to the V1 anode 3D reconstruction presented in section 6.4, FIB/SEM 
nanotomography of  V4 anode, V4 cathode and V5 cathode with 5×5×10 nm voxel size 
was carried out and the porosity and average pore size were obtained.  Table 6.1 
summarizes the porosity and average pore size attained from both methods.  Figure 6.19 
shows the 3D reconstruction of CL samples.   
Table 6.1. Porosity and average pore size of four CL obtained from FIB/SEM 
nanotomography and mercury porosimetry 
 FIB/SEM 
Porosity 
[%] 
FIB/SEM 
Average pore size 
[nm] 
Mercury 
Porosity 
[%] 
Mercury 
Average pore size 
[nm] 
V1 anode 40 55 55 35 
V5 cathode 31 50 46 34 
V4 cathode 33 109 43 31 
V4 anode 29 63 31 28 
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Figure 6.19. A 3D reconstruction of a different CL. Image have 5×5×10 nm (Z,Y,X) 
pixel size. The blue colour, transparent green represent the pore phase and the solid 
phase respectively; a) V4 anode; b)V4 cathode and; c)V5 cathode 
(a) 
(b) 
(c) 
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In Table 6.1, although trends in porosity agree well, there is a poor agreement in the 
absolute amount.  This could be due to the size of samples under investigations.  The 
mercury porosimetry sample length scale is about 4 orders of magnitude larger than the 
length scale of the FIB/SEM nanotomography sample.  Also, the mercury access to open 
pores and surface pores while the FIB/SEM nanotomography method provide information 
about all closed, blind and open pores.  Since the very top surface of the CL is coated by a 
Pt protective layer, these pores are closed and subsequently removed from the pore 
analysis.  
The pore sizes are not expected to be similar since mercury measures the pore "neck" while 
the pore "body" is measured by the FIB/SEM nanotomography.  Therefore FIB/SEM 
nanotomography should always be bigger which is confirmed in Table 6.1. 
Five MPL and CL samples were characterised through FIB/SEM nanotomography.  In the 
next section the technique is applied to digitally reconstruct a micropipette tip.  
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6.6 3D RECONSTRUCTION OF A MICROPIPETTE TIP 
Glass micro pipettes have been widely used for patch clamping.  Although many 
researchers agree that the shape and roundness of the pipette tip are important for cell 
grabbing and gigaseal formation, no numerical values of the geometry have been reported 
so far.  In this section, FIB/SEM nanotomography is used to obtain the 3D shape of a 
pipette tip. 
6.6.1 Patch clamp and giga-seal 
Patch clamp recording is an electrophysiology technique allowing study of ion channels of 
cells.  It is a refinement of the voltage clamp method [231].  It has important applications 
in cell study and is a valuable tool to pharmaceutical research. In patch clamping, a glass 
pipette with a tip diameter of a few microns is pressed against a cell membrane to form a 
high resistance seal between the inside and outside of the pipette nozzle, known as 
gigaseal.  It is found that achieving a gigaseal is dependent on the tip geometry of the 
internal wall of the pipette [232].  
6.6.2 Experimental 
A micro pipette with a tip diameter of 1.3 µm was coated with ~10 nm of gold and placed 
facing the electron beam.  Figure 6.20 shows the schematic of the pipette, electron beam 
and ion beam configuration. The angle between I-beam and E-beam is 52
o
 degrees.  
Therefore, the angle between the imaging plane and the sample is 38
o
.  This information is 
used later for reconstruction. 
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Figure 6.20. A schematic of pipette, SEM and FIB configuration 
 
Each slice of the sample was milled off using Ga
+
 ion beam at 30 kV and 100 pA for 90 
seconds with an overlap parameter of 50%.  60 slices with a total thickness of 3 µm were 
removed and SEM images of the slices taken.  The pixel size of the SEM images was 4.5 
nm.  Figure 6.21 shows an image of the 20th slice after milling and its internal edge. 
 
52
o 
SEM 
FIB 
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Figure 6.21. An SEM image of a pipette after milling, the area inside the rectangle 
was used for image alignment; b) The edge of the internal circle of the pipette 
detected using Canny algorithm [144]. 
6.6.3 Image alignment 
Feature based alignment method as described in section 6.2 was employed.  A fixed feature 
which has not been milled during slicing and not affected by the ion beam is the bottom 
side of the pipette in Figure 6.21a which corresponds to the rectangle in Figure 6.21a.  This 
part of the pipette in the images was used to align all of the images. 
6.6.4 Edge detection   
The edge of the internal circle of the pipette was detected using the Canny algorithm [233].  
The basic idea of this algorithm is to detect at the zero-crossing of the second derivative of 
the smoothed images.  It seeks out the zero-crossings of: 
 
(a) (b) 
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Where M and I are image matrix and unit matrix respectively and n is the direction of the 
gradient of the smoothed image.  This is done using MATLAB for all of the slices. 
6.6.5 Projection 
As far as the image plane has a 38
o
 angle with respect to the sample slices as shown in 
Figure 6.20 one can calculate the position of each point of the sample slice.  Assuming that 
x (horizontal) and y (vertical) axes are in the image plane and z is the norm of the surface, 
then: 
)38cos(
y
y
xx
ssp
ssp
 
(6.9) 
where indices "ssp" is the sample slice position.  For zssp, the thickness of the slices are 50 
nm so the relative distance between the slices remains 50 nm (equivalent to 11 pixels) and 
the initial angle of the image plane and projected plane is 38
o
. 
Figure 6.22a shows the 3D structure of the pipette tip reconstructed using MATLAB.  The 
units of X, Y, Z axes are in pixel and each pixel is 4.5 nm.  Figure 6.22b is the Y-Z plane 
view of the reconstructed image. 
In order to examine the shape of pipette the tip, a perfect circle was fitted to each slice 
based on the least squared fitted circle method [234] and maximum deviation of the pipette 
shape from the circle was obtained.  Figure 6.23 shows the first slice image and fitted 
circle.  The maximum deviation from fitted circle was 43 nm.  The average of maximum 
deviations of all slices was found as 67 nm.  
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Figure 6.22. A 3D structure of the pipette tip after reconstruction; b) The 
reconstructed sample in the Y-Z plane.  
 
Figure 6.23. An image of the first slice and fitted circle. The fitted circle is shown in 
a dashed line [144].  
 
 
 
(a) (b) 
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6.7 SUMMARY 
This chapter presents a FIB/SEM nanotomography approach to characterise the MPL and 
CL.  Sample preparation steps including Pt layer deposition, fiducial mark milling and 
polishing-imaging were discussed. Key parameters were determined by analytical 
approaches and LB numerical modelling for both MPL and CL samples.  In addition, FEA 
analysis was carried out for a throughout 2D cross-section of CL for calculation of 
effective diffusivity.  Next, a number of the CL samples were characterised by FIB/SEM 
nanotomography and the results were compared to those obtained by mercury porosimetry.  
The technique then was extended to reconstruct a tip of a micropipette to reveal the 
roundness of the tip.  
It has been successfully demonstrated that key structural data of the fuel cell MPL can be 
generated using the 3D model with 8×8×16 nm voxel size.  The effective diffusivity, 
absolute permeability, tortuousity and characteristic capillary radii have also been obtained 
from directly-measured data from the 3D model.  The LB numerical solver was 
subsequently applied to simulate the permeability of the MPL.  The simulated permeability 
of the MPL suggested that the Kozeny constant for the MPL is generally one order of 
magnitude less than that expected for GDL materials.  The LB numerical solver was also 
applied to visualise the tortuousity of the flow paths through the MPL.  Also the average 
off-principal tortuousity was 7% larger than that obtained from centroid tracking analysis 
and therefore both are in good agreement.  The FIB/SEM nanotomography was then 
applied for CL characterisation. 
Similarly, the research demonstrates that FIB/SEM nanotomography can be employed to 
reveal the internal nanoscale structural features of a CL with 5×5×10 nm voxel size.  The 
3D LB numerical flow simulator was applied to the tomographic image in order to 
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determine key material characteristics including tortuousity and permeability.  The 
centroid tracking tortuousity was again in good agreement with that of obtained by LB 
simulation.  2D FEA was used to reveal the streamline tortuousity for a throughout cross 
section of a 3 µm thick CL.  Results were used to determine the effective diffusivity of the 
CL sample. Another 3 CL samples were characterised through FIB/SEM nanotomography 
and mercury porosimetry.  The average pore size and porosity were compared.  Although 
trends in porosity agree well, there is a poor agreement in the absolute amount.  The pore 
sizes are not expected to be similar since mercury measures the pore "neck" while the pore 
"body" is measured by the FIB/SEM nanotomography.  Therefore the FIB/SEM 
nanotomography should always be bigger. This was confirmed by the results. 
The current research therefore demonstrates a step change in the ability to understand how 
porous materials behave as permeable systems, when in-situ measurement and 
visualisation in 3D is a formidable task.  The method was then extended to digitally 
reconstruct a micropipette tip. 
A 3 µm long section of a pipette with the tip diameter of 1.3 µm has been examined and 60 
images with 4.5 nm pixel size were taken.  The internal walls of the pipette tip, where the 
contact between the pipette and a cell occurs, were detected using the Canny algorithm.  
After 3D reconstruction of the micropipette tip in MATLAB, the roundness of each slice 
with least square fitted circle method was examined.  The average of maximum deviation 
of all slices were found as 67 nm, or 10% in roundness error.  
This is the final characterisation Chapter of this work. In the next Chapter, this thesis is 
summarised. 
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7 CHAPTER 7: CONCLUSIONS AND FUTURE WORK 
7.1 INTRODUCTION 
This PhD thesis is aimed at prediction of fluid flow by developing novel micro/nano 3D 
characterisation of PEFC porous layers and to meet the particular need of PEFC efficiency 
improvement. The research has involved X-ray µCT/nCT characterisation of the GDL and 
FIB/SEM nanotomography of the MPL & CL.  In addition to the 3D reconstruction of 
various layers, the key micro/nano transport parameters including effective diffusivity, 
permeability and tortuousity were obtained through a coupled image-simulation approach. 
Furthermore methods have been successfully employed to characterise other materials. 
The significant contribution of PEFC layer’s 3D reconstruction research can be 
summarised as follows. 
A. X-ray µCT/nCT image binarisation for characterisation of GDL 
Morphological parameters of a 3D binary image of a woven and non-woven GDL 
reconstructed using X-ray µCT/nCT, have been obtained, and the influence of small 
alterations in the threshold value on the simulated flow properties of the reconstructed 
GDL has been determined.  A range of threshold values on the greyscale map have been 
applied and the gas permeability of the binary images has been calculated using a single-
phase LB model.  In addition, the porosity, pore size distribution, mean pore radius and 
degree of anisotropy have been calculated directly from segmented voxel representation.  
References including fibre diameter, fibrils continuity and porosity greatly assisted in 
finely tuning the threshold for the 3D binary representative image.  
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B. X-ray µCT/nCT characterisation of  uncompressed and compressed GDL  
Detailed characterisation of a number of uncompressed GDL samples was given.  For this 
purpose six nonwoven and woven GDLs were reconstructed through X-ray µCT/nCT with 
different resolutions.  Based on the 3D model the porous material key micro/nanostructural 
information including, porosity, pore size distribution, average fibre size, average pore 
size, centroid tracking tortuousity, degree of anisotropy, effective diffusivity and 
permeability are obtained. Permeability was measured through an air permeability tester 
for all samples and compared to the permeability obtained from an analytical approach and 
LB simulation.  
Characterisation of compressed woven GDL samples was also presented.  It has been 
demonstrated that the image processing technique developed for the current work can 
capture the 3D compressed microstructure of a woven GDL over the range of 0 – 100 
MPa.  The sample is immersed with PDMS and pressed under compression to capture its 
compressed fibre structure.   
C. FIB milling characterisation of materials through SEM stereo imaging 
Using stereo pair images made it possible to reconstruct the FIB milled area and calculate 
directly the removed volume and sputtering yield of materials. A big challenge in the 
measurement is the optimization of the tilting angle which can be easily tuned by 
comparing a specified feature height with that of reconstruction.  
D. FIB/SEM nanotomography of MPL & CL 
It has been demonstrated that key structural data can be generated using the 3D model 
including porosity, average pore size and pore size distribution.  The effective diffusivity, 
absolute permeability, tortuousity and characteristic capillary radii have also been obtained 
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from directly-measured data from the 3D model.  The LB numerical solver was 
subsequently applied to simulate the permeability of the MPL and CL samples.  The LB 
numerical solver was also applied to visualise the tortuousity of the flow paths through the 
MPL and CL. Two dimensional FEA was used to reveal the streamline tortuousity for a 
full cross section of a 3 µm CL. Results were used to determine the effective diffusivity of 
the CL sample.  Another 3 CL samples were characterised through FIB/SEM 
nanotomography and Mercury porosimetry.  The average pore size and porosity were 
compared.  
E. Extension of SEM stereo imaging and FIB/SEM nanotomography methods to 
other applications 
The SEM stereo imaging was used to validate the results of conventional tactile 
measurements applied to 12 urinary catheters.  A 3D SEM stereo imaging technique  was 
used to reconstruct the surface features of different catheters to validate tactile 
measurement results.  
In another experiment, the surface of a typical pipette tip with the diameter of ~1.5 µm was 
reconstructed and the surface roughness parameters were obtained.  
Similarly the SEM stereo imaging technique was applied to characterise the surface of 
diatomaceous frustules.  Reconstructed 3D images were used to quantitatively evaluate the 
specimen.  Geometrical parameters including volume and area were obtained based on the 
3D data. 
Finally, a 3 µm long section of a pipette with the tip diameter of 1.3 µm has been examined 
through FIB/SEM nanotomography and 60 images with 4.5 nm pixel size were taken.  The 
internal walls of the pipette tip, where the contact between the pipette and a cell occurs, 
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were detected.  After 3D reconstruction of the micro pipette tip the roundness of each slice 
with the least square fitted circle method was examined and the average maximum 
deviation of all slices was determined. 
Through repeated experiments and vigorous characterisation the project objectives have 
been met.  The following conclusions can be drawn from the research. 
 For tomography 3D images, parameters including porosity, pore surface area, pore size 
distribution, characteristic lengths, object size distribution, mean pore radius, degree of 
anisotropy and centroid of slices were successfully calculated.  Effective diffusion 
coefficient, Knudsen diffusion, tortuousity and permeability were analytically calculated 
based on the parameters obtained from the 3D images.  LB modelling to calculate 
permeability and tortuousity was explained as well. 
 It has been proven that when a study is carried out using X-ray µCT/nCT data, the key 
structural parameters are affected by small variation in threshold.  Having some easily 
measurable references including porosity, average fibre diameter and continuity in the 
material will greatly assist to finely tune the threshold for the 3D binary representative 
image.  
 For compressed GDL characterisation, samples can be immersed with PDMS and 
pressed under compression to capture its compressed fibre structure.  The results 
demonstrate that this has been successfully applied to a batch of carbon cloth GDL for five 
compression pressures representing the 0 – 100 MPa range. 
 Stereo imaging was successfully applied for FIB milling characterisation of the MPL 
and CL.  The results prove that the new approach is accurate for common metals and 
silicone. The validated method then was used to characterise the MPL and CL.  The 
Chapter 7   Conclusion and future work  
174 
removed volume (µm
3
) per dose (nC) for MPL and CL samples is similar and is around 
1µm
3
/nC.  
 The principle of the research successfully demonstrates that FIB/SEM nanotomography 
can be employed to reveal the internal nano-scale structural features of a PEFC MPL & CL 
with sub-16 nm pixel size.  In addition, the method was coupled with numerical 
simulations including LB and FEA.  The current research therefore demonstrates a step-
change in the ability to understand how porous materials behave as permeable systems 
when in-situ measurement and visualisation in 3D is a formidable task. 
 Finally, the nanotomography and the stereo imaging techniques were successfully 
applied to other materials such as glass micropipette, various metals, silicon, urine 
catheters and diatomaceous frustules. 
7.2 SUGGESTIONS FOR FUTURE WORK 
This thesis represents comprehensive research efforts performed to explore 3D 
reconstruction of PEFC porous layers.  As such, it should be viewed as a solid foundation 
for further work.  Future research is needed either to expand more applications or to 
complete works initiated in this PhD project which have not been completed because they 
are well beyond the project scope. 
The following is a list of research topics. 
 The above FIB/SEM nanotomography discussion was only concentrated on the MPL 
and CL before electrical tests.  The next step could be to investigate the durability and 
degradation of the layer during fuel cell operation and to examine how key structural and 
transportation properties change. 
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 In terms of CL characterisation, Pt particles are generally around 1-3 nm which means 
their 3D visualisation requires higher resolution characterisation such as TEM tomography 
or electron tomography.  
 In terms of numerical simulation, the LB method is computationally expensive. This 
suggests some image simplification is required. For instance one can only use the largest 
interconnected throughout pore of the sample for LB analysis.  This would reduce the 
computation time. 
 The LB analysis was only developed for single phase simulation.  However, real case is 
multiphase multi component transport within various layers of PEFC.  This requires 
extensive characterisation such as hydrophobicity characterisation. 
 Determination of hydrophobicity in the samples is needed to determine the water 
transport.  This could be done by X-ray nCT for GDL samples and FIB/SEM 
nanotomography combined with elemental mapping analysis. 
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